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Abstract

We present near-cellular-resolution magnetic resonance (MR) images of an unanesthetized animal, the blowfly Sarcophaga

bullata. Immobilized flies were inserted into a home-built gradient probe in a 14.1-T magnet, and images of voxel size ð20–40lmÞ3—
comparable to the diameter of many neuronal cell bodies in the fly’s brain—were obtained in several hours. Use of applied field

gradients on the order of 60G/cm allowed minimally distorted images to be produced, despite significant susceptibility differences

across the specimen. The images we obtained have exceptional contrast-to-noise levels; comparison with histology-based anatomical

information shows that the MR microscopy faithfully represents patterns of nervous tissue and allows distinct brain regions to be

clearly identified. Even at the highest resolutions we explored, morphological detail was pronounced in the apparent absence of

instabilities or movement-related artifacts frequently observed during imaging of live animal specimens. This work demonstrates

that the challenges of noninvasive in vivo MR microscopy can be overcome in a system amenable to studies of brain structure and

physiology.

� 2002 Elsevier Science (USA). All rights reserved.

1. Introduction

Unlike other approaches to studying animal physiol-

ogy in vivo, magnetic resonance imaging (MRI) can at

the same time operate at a resolution of several mi-
crometers and detect signals from entire intact three-

dimensional (3D) specimens [1,2]. Through the combined

use of high-field magnets andNMR probes optimized for

microimaging, several research groups have managed to

combat limitations of MRI in order to generate reason-

ably detailed images of biological samples at or near

cellular resolution [3–6]. The first MRI images of a single

cell, an isolated ovum of Xenopus laevis about 1mm in
diameter, were reported over a decade ago [7]. They have

been followed by more recent studies of somewhat

smaller cells such as detached invertebrate neurons and

unicellular algae [4,8], and also of microscopic structure

in multicellular plants [9,10]. Observation of cellular or-

ganization in animals is complicated by the fact that

adjacent cells of a given tissue type usually have similar
proton content and relaxation parameters and are thus

difficult to distinguish based onMRI contrast differences.

In some cases it has been possible to study individual cells

in animals by cell-specific targeting or injecting para-

magnetic chemicals (contrast agents) which alter the local

MRI intensities [11–14]. There is currently a great deal of

interest in the development of novel contrast agents with

tailored in vivo localization or physiological sensitivity,
as well as in the introduction of flow and diffusion-based

imaging techniques for the analysis of microscopic tissue

structure and plasticity [15].

As the reach of biological MR microscopy expands, it

becomes desirable to explore animal models which are

particularly suited to in vivo testing and application of

new pulse sequences and contrast agents. To this end,

we have chosen to work with blowflies (large flies of the
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genera Sarcophaga and Calliphora). These insects are
easy to immobilize and maintain intact and awake, and

have been used in the past for a wide range of electro-

physiological and optical imaging experiments [16]. Like

many invertebrates, they have small brains containing

relatively large neurons, some on the order of 30 lm in

diameter [17,18]. The flies also lack hemoglobin or a

hemodynamic response to brain stimulation, making

them ideal for testing new physiology-dependent con-
trast mechanisms. Blowflies are roughly 5mm wide,

making them small enough to be imaged in today’s

highest field commercial magnets. In this paper, we

demonstrate that a home-built imaging probe operating

at 14.1 T can produce exceptionally clear high-resolution

images of live unanesthetized blowflies. The images

provide a detailed view of internal anatomy; cross sec-

tions of a ð19:5lmÞ3-voxel image allow identification of
major brain regions and nerves, and correlate closely

with histology. Motion artifacts are absent, and the

system has signal-to-noise and stability suitable for

future high-resolution studies.

2. Methods

2.1. Sample preparation

Adult female Sarcophaga bullata were obtained as

pupae (Carolina Biol. Supply) and imaged from 1 to 3

weeks after eclosion. Specimens were generally 10–12mm

in length and 70–110mg in weight. Flies were temporarily

anesthetized with CO2, immobilized by applying wax to

wings and joints, and inserted into 5-mm inner diameter
plastic tubes. In some experiments the fly’s proboscis was

either removed or fixed to the head with wax. Flies

quickly recovered from CO2 after the mounting proce-

dure and were imaged without further anesthesia.

Mounted blowflies typically survived at least one day

without further feeding, or several days if fed.

2.2. Imaging hardware

Imaging experiments were performed using a home-

built imaging probe inserted into a 14.1-T (600MHz)

Bruker AMX II spectrometer. Gradient coils built into

the probe were based on earlier designs [3,4,6]. Phantom

images (not shown) demonstrated linearity of the gra-

dients over a roughly ð5mmÞ3 cube, in agreement with

calculations from a priori modeling. A Helmholtz-like
radiofrequency coil (Fig. 1, inset), designed to fit around

the head of a blowfly, was wrapped around a polyimide

former and inserted from one end of a horizontal ap-

erture in the probe’s gradient set. A fly specimen pre-

pared as described above was inserted in its holder from

the other end of the gradient set aperture. In the probe’s

fully assembled configuration, the RF coil was centered

with respect to the gradient coils, and the fly’s head was
approximately centered under the RF coil.

2.3. Data acquisition

The images described here were acquired at 25 �C
using spin-echo pulse sequences with echo times (TE) of

3–12ms, relaxation delays (TR) of 250–500ms, and

maximum gradient strengths of 60G/cm. In all 3D im-
ages, standard spin-warp methods were used for recti-

linear grid sampling of k-space. Slice selection was

performed with an initial p=2 spatially selective excita-

tion pulse. On a routine basis, stability of the experi-

mental setup was verified by comparing identically

acquired two-dimensional images measured before and

after long acquisition periods, and by visual inspection

of the specimen to ensure that it had remained alive
throughout the experiment. Fields of view (FOVs) and

further details of specific experiments are given below in

the text and figure captions.

2.4. Data processing and display

Complex k-space data were processed with squared-

sinebell apodization and Fourier transformed to real
space magnitudes using the program Matlab (Math-

works). Voxel resolutions we report are those determined

solely by the acquisition parameters. No zero-filling,

resolution enhancement, or additional filtering was per-

formed, with the exception of the imaging of Fig. 4, which

was digitally rotated (with bicubic resampling) for opti-

mal viewing. Analysis of resolution, signal-to-noise, and

stability were performed using Matlab (see Results &
Discussion). Signal to noise was determined by compar-

ing mean signal (mean of all voxels over two standard

deviations from the noise) to the noise standard deviation

Fig. 1. Experimental setup for in vivo imaging. A live blowfly

(S. bullata) is immobilized and fixed with wax into a plastic tube. The

specimen is inserted from one end of an aperture into the imaging

probe’s gradient set, while the radiofrequency coil (inset), wrapped

over a polyimide former, is inserted from the opposite end, so that the

coil sits directly over the fly’s head. The fly picture was adapted from

[26]. The gradient set and RF coil are part of a custom-built probe

designed for MRI microscopy in a Bruker 14.1T system.
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(calculated from the width of a Gaussian fit to the low-
intensity maximum of an image’s intensity histogram).

Three-dimensional visualization was accomplished with

Imaris (Bitplane AG) and Voxelview (Vital Images).

Figures were generated with Adobe Illustrator and

Adobe Photoshop.

3. Results and discussion

3.1. Imaging of live blowflies at 14.1 T

A practical challenge to 3D imaging a live fly at 20-

lm resolution by MRI is the need to keep the animal

fixed for the required data acquisition times from many

minutes to hours. Previous MRI studies of insects have

achieved roughly comparable resolution, but used dead
or developing specimens which could not move on

the timescale of the imaging experiment [19–21]. The

blowflies we used are relatively easy to immobilize

(Methods and Fig. 1), and similar blowfly preparations

have been used extensively in electrophysiological and

optical imaging studies (reviewed in [16]). The general

success of this procedure could be verified by eye or

under a microscope, where surgically exposed neurons
individually injected with fluorescent dyes were observed

to remain in place over time (data not shown).

A technical challenge to MR imaging of animals in a

14.1 T instrument is the presence of large magnetic

susceptibility differences at tissue boundaries and air/

tissue interfaces [22]. This macroscopic susceptibility

inhomogeneity results in spatially varying magnetic

fields and local field gradients—effects which are em-
phasized at high field and potentially introduce major

distortions in the frequency-encoding dimension of a

spin-warp image. Fig. 2 shows a series of cross sections

through images of the same live blowfly’s head, acquired

with three different frequency-encoding gradient
strengths: 15, 30, and 59G/cm. The image acquired with

the strongest gradient strength requires the full acqui-

sition bandwidth available (125 kHz) on the imaging

spectrometer we used, but shows good symmetry and

little obvious distortion. By contrast, the image taken at

a gradient strength of 15G/cm is severely distorted;

comparable anatomical regions are up to 6 voxels (out

of 128, for a 5-mm FOV) displaced from their locations
in the 59G/cm image, indicating that susceptibility in-

homogeneity across the field of view is on the order of

2.5 parts per million. These data demonstrate a re-

quirement to use gradient strengths well over 50G/cm

for distortionless imaging of blowflies at 14.1 T.

3.2. Tissue morphology and brain structure

Images of unanesthetized blowflies representing the

level of anatomical detail obtained with our setup are

presented in Figs. 3 and 4. Fig. 3 shows front, side, and

top views of a ð39lmÞ3-voxel size 3D MR image of a

blowfly’s head and anterior thorax (acquisition time

6 h), as well as a conventional photograph of a blowfly

for comparison. The MR image was acquired with a

recycle time (TR) of 300ms and an echo time (TE) of
3ms, and contrast in the image therefore reflects pri-

marily T1 relaxation-related differences as well as varia-

tions in proton content. Truncation of the image at the

thorax reflects falloff of the RF field. Anatomical

structures which are either solid-phase or low in water

content are clearly invisible in the MR image—among

them the chitinous exoskeleton of the fly, the gas-filled

tracheae and air sacs of the fly’s respiratory system, and
the wax used in specimen preparation. The images do

show pronounced signal for neural tissue. The brain and

optic lobes occupy much of the fly’s head capsule and

account for the bent dumbbell shape on the left-hand

Fig. 2. Cross sections through the head of a blowfly imaged with three gradient strengths in the frequency-encoding dimension (horizontal on the

page): (A) 15G/cm, (B) 30G/cm, and (C) 59G/cm. The obvious warping of the image in panel A, particularly in the frequency-encoding direction

(compared with panel C), indicates the severity of susceptibility effects in images of the animal at 14.1T. The image taken with highest gradient

strength shows essentially no distortion, however, and indicates that susceptibility effects can be overcome with the use of modest gradients and some

sacrifice in bandwidth. Other acquisition parameters: TR ¼ 250ms, TE ¼ 3ms, 2 signal averages per echo, FOV 5� 5� 2:5mm, 128� 128� 64

data size, total experimental time 1.5 h.
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side of Fig. 3C (labeled Br). Musculature also has a high

water content and produces strong signal in these

images; the most striking example is the mosaic-like

array of flight muscles in the thorax (labeled FM, Fig.

3A). MRI intensity from fatty tissue is not as pro-

nounced in the 14.1 T images as it is in images taken at

lower field, but adipocytes and fatty deposits can be

identified based on their relative T2 and diffusional

properties (Sun et al., in preparation).

Higher-resolution images demonstrate the ability of

14.1-T MRI experiments to produce maps of brain

structure in the living fly. Fig. 4A presents a horizontal

Fig. 3. MRI images with voxel size of ð39lmÞ3, showing the head and anterior thorax of a live blowfly. The 3D image data set is rendered as a

semitransparent volume, viewed in projection from the (A) front, (B) side, and (C) top. Panel D shows a photograph of another blowfly, viewed from

the top, for comparison (scalebar ¼ 1mm). The MRI data were acquired using a T1-weighted spin echo pulse sequence on a 14.1-T microscope. The

entire fly (�12mm long) was imaged without slice selection; truncation of the image at the thorax reflects falloff of the RF field. Many anatomical

features are clearly distinguishable, especially the musculature and nervous tissue. The fly’s flight muscles (FM) are labeled in panel A, and the brain

(Br) is labeled in panel C. The blowfly’s dark striped exoskeleton, seen in panel D, is invisible to MRI and does not appear in panels A–C. The

protruding structure at the leftmost extremes of panels B and C is the ptilinum of this fly (not present in the fly of panel D). Acquisition parameters:

TR ¼ 300ms, TE ¼ 3ms, four signal averages per echo, FOV 10� 5� 5mm, 256� 128� 128 data size, total experimental time 6 h.

Fig. 4. Demonstration of the detail of brain structure revealed in MRI images of the blowfly brain taken with a voxel size of ð19:5lmÞ3. Panel (A)
shows an anatomically horizontal cross section through an image of a living blowfly’s head, acquired with slice selection and a voxel size ð19:5lmÞ3,
showing boundaries between three major brain regions responsible for visual processing: the lamina (La), medulla (M), and lobula complex (LC).

Panel (B) is a schematic drawing of blowfly brain anatomy, provided for comparison with (A) and labeled similarly (adapted from [23]). Panel (C) is a

coronal cross section through the same blowfly image as in (A), illustrating again the boundary between the medulla and lobula complex, as well as

finer features of neuroanatomy such as the ocellar nerve (ON) which connects the fly’s accessory ‘‘simple’’ eyes to the brain, and a cross section of the

esophagus (Es), which runs through the brain. These structures are all present and labeled in panel (D), which is a corresponding silver-stained 5-lm
section from a different blowfly (courtesy Z. Schoening). Acquisition parameters for the MRI image (panels A & C): TR ¼ 500ms, TE ¼ 3ms, four

transients per echo, FOV 5� 5� 2:5mm, 256� 256� 128 data size, experimental time 19 h. Scalebars ¼ 1mm.
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cross section through a ð19:5lmÞ3-voxel 3D image of a
blowfly’s head, obtained with 500ms TR and 3ms TE

(acquisition time 18 h). The three major visual ganglia

(lamina, medulla, and lobula complex) are easily identi-

fiable in the image, and an anatomical drawing is pro-

vided for comparison (Fig. 4B; [23]). In the MR cross

section, the fly’s compound eyes each appear as two high-

intensity arcs sandwiching a dark interior. The more

lateral arc is approximately 60 lm thick and probably
corresponds to corneae and cone cells of the ommatidia,

while the medial or inner arcs correspond to the ganglion

cell layer of each eye. The inner layer of the fly’s eye is an

array of lipid-rich oriented microvilli [24]; it is likely that

these regions have long T1 and short T2 relaxation rates

and therefore do not contribute strong MRI intensity,

even when short echo times are used. Major divisions of

the brain are also apparent in the coronal section of Fig.
4C, as well finer features of the fly’s neuroanatomy such

as the ocellar nerve (labeled ON), which connects the

central brain to three ‘‘simple eyes’’ at the top of the head,

and a cross section of the esophagus (Es), which passes

through a stoma in the middle of the brain [25]. These

specific features are depicted in a silver-stained coronal

section of another blowfly’s brain (Fig. 4D). Comparison

of theMR and conventional microscopy images indicates
that brain morphology down to the level of structures as

small as 30–50 lm in diameter are well represented by
MRI.

3.3. Resolution, signal-to-noise, and stability

MRI studies of physiology and structure using the live

blowfly preparation we have developed will be limited by

the resolution, signal-to-noise, and stability achievable

with the imaging system. Resolution of the blowfly mi-
croscopy is indicated in part by the minimum size of

features which appear in the images. For instance, the

esophagal cross section and the ocellar nerve labeled in

Fig. 4 are both structures of diameter 30 to 50 lm (about

two voxels) whose measurements correspond well with

dimensions taken from fixed and sectioned tissue. Some

large cells in the blowfly’s brain have dimensions on the

order of the voxel size of ð19:5lmÞ3, but presumably be-
cause individual cells in homogeneous tissue have con-

trast properties similar to those of their neighbors, they do

not stand out in this preparation. Boundaries and inter-

stitial spaces between neurons in the fly brain are likewise

indiscernible in these images, and much higher resolution

(probably 1–2 lm) would be required to resolve them.
The average signal-to-noise ratio (SNR) of the

blowfly images was estimated using intensity histograms
derived from the MRI data (Methods and Fig. 5A). For

Fig. 5. SNR and stability of the in vivo imaging system. (A) Intensity histogram from a ð19:5lmÞ3-voxel image (horizontal scale in arbitrary intensity
units). The major peak corresponds to voxels with little or no intensity and can be fit to a Gaussian (dotted line) to obtain an estimate for standard

deviation of the noise. Higher intensity voxels (inset, 10 � vertical scale) can averaged to estimate the mean signal for the image. The resulting SNR is

a convenient statistic for routine comparison of images; calculation is easily automated and less biased than SNR estimates based on regions of

interest. (B) Multiecho acquisition scheme for boosting SNR. In this implementation, four echoes refocused by p-pulses are collected per excitation.
The pulse sequence (lower part) depicts RF transmit/receive events (labeled RF) and frequency-encoding gradient pulses (Gr; phase and slice-se-

lection gradients not shown). The four blowfly cross sections, numbered 1–4, correspond to signal from four sets of echoes, refocused at echo times of

3, 6, 9, and 12ms, respectively, in each repetition of the 3D imaging pulse sequence. SNR gains of 30–40% are achieved using this method. Further

echo summation is possible but results in limited SNR improvement, due to progressive T2 relaxation and pulse inhomogeneity across the sample. (C)
Test of the stability of fly imaging. Two identical data sets were acquired from the head of a live blowfly, using the experimental parameters given in

Fig. 4, but with two transients per echo instead of four (and 9.5 h per acquisition). The panel shows a coronal cross section from the average of the

two 3D images (top), compared with an equivalent cross section from a matrix of their variances (bottom). Regions of high variance are mainly

peripheral to the optic lobes and brain. The 2D slices shown here roughly correspond anatomically to the view of a separate fly shown in Fig. 4.
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images with voxel size ð19:5lmÞ3, acquired with TR/TE
of 500/3ms and two averages per echo, and filtered only

with squared-sinebell apodization, this procedure yiel-

ded an average SNR of 9:5� 1:3 (mean� SD, n ¼ 6).

This value indicates that intensity differences on the

order of 20% at the single-voxel level are reliably dis-

criminable in our highest resolution data sets. The SNR

of these images was limited by the need to use strong

frequency-encoding gradients to overcome susceptibility
gradients in the fly (see above and Fig. 2). With the field

of view required to image the fly’s head (5mm) and a

read gradient of 59G/cm, the k-space sampling band-

width is considerably above the optimum dictated by the

fly’s mean T2 relaxation rate of about 20ms at 14.1 T

(data not shown). To partially compensate for this

suboptimal bandwidth, we implemented a Carr–Purcell

acquisition scheme (Fig. 5B) in which several closely
spaced echoes are collected per excitation in the imaging

pulse sequence [22]. This method allows effective

signal averaging without a concomitant increase in the

total measuring time and resulted in gains of 30–40% in

SNR.

If the MRI system is used to follow physiological

changes as a function of time, the temporal stability of

the measurements may be as important a limitation as
raw SNR. Sources of confounding instability may range

from instrumental fluctuations to motion or metabolic

changes in the living specimen. The temporal stability

of our 3D images was judged by comparing two

ð19:5lmÞ3-voxel images of the same fly. Fig. 5C shows a

coronal cross section taken from the averaged blowfly

image, alongside an equivalent cross section of a matrix

of intensity variances calculated by voxel between the
original two images. Regions of relatively high variance

are concentrated in interstitial areas adjacent to but not

within the brain and optic lobes; these areas are sites of

adipose tissue deposits [24], which were presumably

partially depleted over the timespan of our experiments

(19 h), during which the fly was not fed. Similar results

were obtained with many other specimens under related

conditions. As in the vast majority of dozens of 3D fly
images we acquired, however, Fig. 5C contains no evi-

dence of gross motion-related distortion; series of 2D

images acquired from multiple flies on a faster timescale

(minutes per image) also indicated that the specimens

were immobile, with the exception of their unrestricted

probosces and antennae (data not shown). This dem-

onstrated that our immobilization procedure was suc-

cessful, although we cannot rule out the possibility that
low-amplitude internal motion with even shorter time-

scale affects the average image intensity.

3.4. Conclusions

We have shown that high-quality 20–40 lm resolu-

tion images can be obtained from live blowflies in a

14.1-T MR microscopy system. The images reveal as-
pects of the fly’s neuroanatomy in intricate detail. Al-

though the animals were alive and unanesthetized

during experiments, the data are free of movement ar-

tifacts and evidence of severe instabilities. Relatively

strong gradient pulses (over 50G/cm) and wide-band-

width acquisition were required to overcome magnetic

susceptibility-induced distortion, but SNR could be re-

couped by using pulse sequences with echo summation.
These results are offered in large part to demonstrate

the utility of the blowfly system as a substrate for future

high-resolution MRI investigations of structure and

physiology. Because of the robustness of the preparation

and the variety of established non-MRI techniques

easily brought to bear, the blowfly will be a good testing

ground for new MRI methods designed to approach

neurophysiology or pathology. Further, because the fly
brain can be imaged near cellular resolution—in the

sense that signal from individual voxels reflects the

structural and physiological parameters of single cells or

small groups of cells—subsequent studies with this ani-

mal may provide a natural extension for previous work

on compartmentalization in single cells, as well as an in

vivo context for studies of more complex neuroanatomy.

The images we present here also establish a new
benchmark in high-resolution noninvasive imaging. Al-

though the voxel dimension and contrast-to-noise are

comparable to previously published in vivo images [15],

the views of brain structure are unsurpassed in the range

20–40 lm and demonstrate that effective hardware de-

sign, specimen preparation, and imaging protocols can

overcome the intrinsic challenges to very-high-resolu-

tion MR imaging in intact live animals.
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