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Al-guided
electron
Microscopy
accelerates
brainmapping

We developed SmartEM,
amethod thatintegrates
machine learning directly into
the image acquisition process
of anelectron microscope. By
allocating imaging timeina
specific manner — scanning
quickly atfirst, thenrescanning
only critical areas more slowly —
we are able to accelerate the
mapping of neural circuits up
to sevenfold without sacrificing
accuracy.
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The mission

The primary bottleneck in connectom-
ics — the mapping of neural circuits —is the
slow pace of data acquisition by electron
microscopes'—>. For decades, the standard
electron microscopy approach hasbeen to
scan every part of asample at high resolu-
tion for auniformly long time, aninherently
slow and inefficient process. This slow meth-
od of dataacquisition has limited large-scale
projectsto afew highly specialized, less
accessible multi-beam microscopes. To
make large-scale connectomics more
widespread, amethod is needed to enable
more common and affordable single-beam
microscopes to acquire data more rapidly.
Unlike the electron microscope, we hu-
mans do not scan our visual world pixel
by pixel; instead, we performa quick over-
view and then use rapid eye movements
(saccades) to focus on salient regions.
We therefore asked whether we could mimic
the efficiency of human vision in this man-
ner to accelerate the acquisition of electron
microscopy images.

The solution

Our investigation took the form of de-
veloping and implementing a machine
learning-guided imaging pipeline, which
we call SmartEM, within acommercial
single-beam scanning electron microscope
(SEM) (Fig.1). Instead of scanning every pixel
for auniformly long time, the microscope
first performs avery rapid, low-quality scan
of the entire sample area. A neural network,
ERRNET, then analyzes this initial image
inreal time to identify small regions that
are difficult tointerpret (‘error-prone’)

or contain regions of particular scientific
interest, such as synapses. The microscope
immediately rescans only these targeted
subregions at high quality. Finally, to aid hu-
man interpretation, an algorithm translates
these composite imagesinto a ‘stylized’
format that mimics traditional, uniform
high-quality scans.

Brain tissueis inherently heterogeneous,
with many areas that are easily segmented
from low-quality images but a few areas that
require high-fidelity data. We demonstrate
that the SmartEM pipeline dramatically
acceleratesimage acquisition, reducing
beam time by about sevenfold across con-
nectomics samples from nematodes, mice

and humans, all while maintaining final
segmentation accuracy. As an example, im-
aging atypical adult Caenorhabditis elegans
(brain and body) would take 1,400 hours
(2months) with astandard 800 ns per voxel
scan using asingle beam, versus -200 hours
(-8 days) with SmartEM.

The implications

The primary implication of our findingsis the
potential to democratize connectomics. By
transforming widely available single-beam
SEMsinto high-throughputimaging plat-
forms, SmartEM makes large-scale circuit
mapping more accessible to the broader
neuroscience community. This adaptive,
‘intelligentimaging’ framework is versatile
and could be applied across cell biology to
rapidly locate and image sparse organelles
such as mitochondriaamong large tissue
areas, or in pathology for large-scale analysis
atamanageable budget, or in materials
science toinspect for rare defects, focusing
imaging time only where it is most needed.

SmartEM dramatically reduces imaging
time, meaning that previously negligible
forms of overhead, such as the time required
for the mechanical stage to move between
adjacent fields of view, become the new
rate-limiting step. Overcoming this bottle-
neck willinvolve parallelizing Al computa-
tion across larger initial scan areas to mini-
mize mechanical shifts, a strategy that will
be further amplified by the integration of
future, larger field-of-view detectors.
Furthermore, our currentapproachis
optimized for single-beam SEMs; its
strategies for selective rescanning are
not directly compatible with the synchro-
nous operation of existing commercial
multi-beam microscopes.

Future SmartEM research will aim to
create atruly ‘thinking microscope’ by
advancingits Al for 3D awareness in vol-
ume electron microscopy and adapting its
principles to other microscopy methods.
Such adaptations hold the promise of a
future in which scientists can see fully seg-
mented results emerge in real time, directly
fromthe sample. Such aleap would make
high-resolutionimaging more accessible,
accelerating scientific discoveries in fields
from cell biology to pathology and beyond.
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“This manuscript describes an interesting
optimization to increase the throughput
of single-beam scanning electron

microscopy by imaging in two passes: first,

a low-resolution overview, followed by a
second, higher resolution re-imaging of

regions of interest identified by a series of
convolutional neural networks. Speedups
of up to 7x are shown for imaging of serial
sections of mouse visual cortex.”

An anonymous reviewer.
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Fig.1|SmartEM’s intelligent, multistep imaging pipeline. In standard electron microscopy, the sample
isscanned over along period of time and then segmented (top). The SmartEM pipeline, by contrast, begins
witharapid, low-quality scan. A machine learning model, ERRNET, then identifies an error-prone region
(red arrow) that is then targeted for a high-quality rescan. The combined image achieves high-quality
segmentation in a fraction of the time. © 2025, Meirovitch, Y. et al.
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BEHIND THE PAPER

FROM THE EDITOR

Coming from a background in applied
math and computer science, my goal was
to apply a computational toolkit to the
classic biological challenge of slow image
acquisition with electron microscopy. This
project evolved from foundational work
on learning-guided microscopy from our
group®. The true ‘eureka!” moment came
when we discovered that a single neural
network could segment a hybrid image,

using the higher quality regions to infer and
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improve the segmentation of lower quality
regions. Seeing this complex integration of
hardware and Al finally come to life was a
testament to our team'’s collaborative spirit,
made possible through a fruitful partnership
with our colleagues at Thermo Fisher
Scientific. This work is a tribute to our late
colleague, Shashata Sawmya, whose unique
intellect was instrumental in developing key
components of SmartEM, and who brought
joy to the project. Y.M.

“The massive datasets in EM-based
connectomics require either
high-throughput electron microscopy
approaches or long acquisition times. The
smart imaging approach developed here
reduces the imaging times for single-beam
electron microscopes and may make
connectomics accessible to labs that don’t
have access to high-throughput electron
microscopes, thereby democratizing
connectomics.” Nina Vogt, Senior Editor,
Nature Methods.
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