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SUMMARY
Mammalian whole-brain connectomes are a foundational ingredient for a holistic understanding of brains.
Indeed, imaging connectomes at sufficient resolution to densely reconstruct cellular morphology and synap-
ses represents a long-standing goal in neuroscience. Mouse connectomes could soon come within reach,
while human connectomes remain a more distant yet still worthy goal. Though the technologies needed to
reconstruct whole-brain connectomes have not yet reached full maturity, they are advancing rapidly. Close
examination of these technologies may help plan connectomics projects. Here, we quantitatively compare
imaging technologies that have the potential to enable whole-brain mammalian connectomics. We perform
calculations on electron microscopy (EM) techniques and expansion light-sheet fluorescence microscopy
(ExLSFM) methods. We consider techniques that have sufficient resolution to identify all synapses and suf-
ficient speed to be relevant for whole mammalian brains. We offer this analysis as a resource for those
considering how to organize efforts toward imaging whole-brain mammalian connectomes.
INTRODUCTION

Connectomics at nanoscale resolution presents a major tech-

nical challenge due to the tremendous amounts of image data

involved.1,2 To reach sufficient resolution for accurately recon-

structing fine neurites and synapses, voxel dimensions on the or-

der of just a few tens of nanometers or less are needed. But with

the recent completion of the larval Drosophila brain connec-

tome,3 adult Drosophila brain connectome,4,5 adult Drosophila

ventral nerve cord connectome,6,7 and larval Platynereis dumer-

ilii connectome,8 as well as the less recent completion of the first

C. elegans connectome,9 it seems that the age of whole-brain

connectomics has arrived. Projects with the eventual goal of

mapping a whole-brain mouse connectome have recently

launched, which has prompted discussions about the eventual

goal of human brain connectomics. However, the Drosophila

brain volume is only 0.0175 mm3, while the mouse brain has a

volume of around 500 mm3, and the human brain has a volume

in the range of 1,200,000 mm3.2,10,11 That is, the mouse brain

has a volume of about 28,571 times that of the Drosophila brain,

while the human brain has a volume of about 2,400 times greater

still compared with themouse brain. Dramatic increases in imag-

ing throughput will be necessary for whole-brain mammalian

connectomics endeavors.

In this analysis, we both quantitatively and qualitatively

compare emerging methodologies used for imaging connec-

tomes with a focus on the capabilities needed for the mouse

brain and the human brain. The details of our calculations are

available in the supplemental information. While computational
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image processing represents an adjacent challenge for connec-

tomics, we focus here primarily on imaging techniques. We work

under the assumption that parallel image processing develop-

ments will contribute vital new capabilities in a timely manner.

In general, mammalian connectomics requiresmicroscopy tech-

niques featuring both high resolution and speed. Electron micro-

scopy (EM) has, thus far, been the principal imaging method uti-

lized in connectomics research because it achieves nanoscale

resolution (Figure 1A), though it suffers from long acquisition

times, even with substantial investment into ameliorating the

issue.1,12,13 Expansion microscopy (ExM) coupled with light-

sheet fluorescence microscopy (ExLSFM)14–16 represents a

promising alternative route that might attain similar resolution

while increasing imaging speed, but this approach is still in the

early stages of development compared with EM. Tavakoli et al.

recently showed that it is indeed possible to perform dense

neuronal reconstruction using a 16-fold ExM approach and spin-

ning disk confocal microscopy (Figure 1B),17 but there does not

yet exist a high-throughput pipeline for ExM connectomics.

While the existing high-throughput EM pipeline is currently the

most reliable near-term path to whole mouse brain acquisition,

we would argue it is likely that an ExM-based pipeline may be

developed in the relatively near future. It may be beneficial to

perform rigorous comparative studies between EM and ExM

pipelines (once ExMpipelines are available) to aid in the planning

of large-scale connectomics projects. Beyond ExLSFM, ribbon

scanning confocal microscopy has shown promise as an alter-

native fluorescence-based modality with the potential for com-

parable performance to LSFM.18 We do not discuss this method
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Figure 1. Comparison of example EM and

ExM images

Representative snapshots from the raw image

data of (A) Shapson-Coe et al.’s ssTEM dataset of

1 mm3 of human cortex19 and (B) Tavakoli et al.’s

dataset in mouse cortex using ExM with confocal

microscopy.17 Both of these datasets were

traceable using semiautomated methods (auto-

mated segmentation plus manual correction of

errors). Here, the x axes are displayed as red lines,

y axes as green lines, and z axes as blue lines.

We obtained these snapshots from the publicly

available data within NeuroGlancer.
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further since it only appears in a relatively small number of pub-

lications thus far and has not yet received attention in the context

of connectomics. However, we suggest that studies combining

ribbon scanning confocal microscopywith ExMmay yield helpful

information on the competitiveness of this technique as a con-

nectomics method. As different imaging technologies will offer

complementary capabilities for connectomics, we suggest

considering carefully how to best capitalize on the advantages

of each of them.

In order to facilitate broad comparisons across different mo-

dalities, our analysis makes a number of simplifying assump-

tions. Firstly, we assume that voxel size is roughly proportional

to resolution because many key studies do not report actual

resolution (e.g., as measured by the Fourier shell correlation

or similar). Thus, we are able to use voxel size as a common

metric of comparison. Since voxel size is often not directly pro-

portional to resolution, these numbers should be thought of as

best-case scenarios. We furthermore assume that an isotropic

voxel size of less than 18 nm or a non-isotropic voxel size of less

than 133 133 46 nm (<13 nm lateral, <46 nm axial) has the po-

tential for connectomic traceability (in the case of ExM, this is

the effective voxel size). Several groups have used similar

voxel sizes and demonstrated success with connectomic

tracing.20–22 Nonetheless, it is important to realize that trace-

ability is largely dependent on factors such as signal-to-noise

ratio, contrast, the uniformity of the sample’s staining and/or

expansion, the integrity of the sample’s ultrastructure, and as-

pects of the tracing algorithms used. In EM, there is also the

problem of losing or damaging a fraction of the ultrathin slices,

breaking the continuity of neuronal processes.23 We generally

assume that samples have been prepared with sufficient preci-

sion to minimize damage, noise, staining issues, and section

loss, though we do consider that baseline levels of these factors

can delineate hard limits to achievable image quality. In the sec-

tion on ExLSFM, we speculatively combine a state-of-the-art

technique called pan-ExM-t (pan-ExM of tissue; which can

reach 24-fold expansion)15 with light-sheet microscopes from
2 Cell Reports Methods 5, 100988, February 24, 2025
other publications. An exception to this

is our discussion of Wang et al.’s ‘‘volu-

metric imaging of biological specimens

via photochemical sectioning’’ (VIPS)

method, where our speculation instead

involves standard 4.5-fold expansion24

to reach the assumed effective voxel
size for nanoscale reconstruction since their microscope’s

actual voxel size was quite small. We choose light-sheet micro-

scopes, which could hypothetically achieve the aforementioned

voxel sizes if their actual voxel sizes were divided by an expan-

sion factor of 24 or 4.5. We assume that the expansion process

introduces minimal distortions and minimal defects, as well as

that the fluorescent labeling is of sufficient quality to allow the

direct application of this expansion factor. It should be noted

that this assumption is not always true: ExM can introduce

long-range distortions, and expanded gels may experience

damage during handling. Inconsistent demarcation of cellular

boundaries is also an issue, though pan-ExM-t15 and newmem-

brane labeling methods17,25 have substantially improved this

situation. Since expanded mammalian brains may be too large

for imaging as intact objects (e.g., a 24-fold expanded human

brain could be over 3.5 m in length), they will need to be

sectioned either before or after expansion. As will be discussed

inmore depth later, difficulties in the sectioning of expanded tis-

sues could cause the loss of important information as well.

While we suggest that all of these issues might be conquered

by sufficient optimization efforts, they should still certainly be

kept in mind when comparing the imaging modalities.

AN ASIDE ON COMPUTATIONAL CONSTRAINTS

Though not the central focus of this analysis, computational pro-

cessing of image data may also prove a limiting factor for con-

nectomics. Some potential areas of difficulty include the trans-

mission bandwidth of image data moving from the detector to

a storage device, the massive amount of computer memory

needed to store the raw image data of whole mammalian brains,

compute time for stitching and aligning images, and compute

time for segmentation and synapse identification.1,26 Fully auto-

mated segmentation algorithms will furthermore be necessary

for tracing the neurons and glia of whole mammalian brains

and this problem has not yet been solved.1 Contributions across

many fields of research will be important to overcome these
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challenges. Nonetheless, we are optimistic that successes in

data acquisition may drive enough interest in connectomics

that the necessary computational methods will be developed.

Data storage capacity represents a particular challenge for

whole-brain connectomics (note that this is distinct from RAM).

Assuming isotropic voxels with dimensions of 18 3 18 3 18 nm

and a memory requirement of 1 byte per voxel,27 the raw data

for a mouse brain would necessitate 85.7 petabytes and the

raw data for a human brain would necessitate 205.7 exabytes

of storage. As of 2023, magnetic hard disk storage cost is about

$11 per terabyte,28 which would equate to $942,700 to store the

raw image data of a mouse brain or $2,262,700,000 to store the

raw image data of a human brain. Mouse brain raw image data

storage may thus currently be feasible, though the raw image

data storage for a human brain will likely necessitate further ad-

vances in storage technology. However, historical trends28 on

data storage costs remain encouraging since consistent expo-

nential decreases have been observed for several decades.

Emerging technologies such as those that use femtosecond la-

sers to write data into quartz glass (as seen inMicrosoft’s Project

Silica) might offer substantially greater storage capabilities than

existing magnetic storage methods.29 Further savings should

accrue through data compression as the raw image data are pro-

cessed and converted into connectome data. Indeed, a recent

preprint by Li et al. demonstrated a new variational autoencoder

algorithm that achieved up to 128-fold compression of EM data

without significantly worsening the success of subsequent seg-

mentation.30 Importantly, data compression within a high-

throughput pipeline will probably take place in real time as the

data are collected, which will circumvent the need to store all

raw uncompressed data at once. It should also be noted that

data transmission during image acquisition will likely involve par-

allel transmission from each microscope directly into an onsite

cluster, perhaps mediated by extremely high-bandwidth hard-

ware technology like InfiniBand.31 Cloud storage might also be

an option, but this could present obstacles due to generally lower

bandwidth and lesser reliability.32 Advances in hardware and

software seem well on their way to handling whole mouse brain

image data and may reach the point of handling whole human

brain image data within the next several decades.

Image processing is another major challenge for connectom-

ics and currently represents an even larger bottleneck than im-

age acquisition since sufficiently accurate fully automated

tracing of EM data is not yet possible1,33 and ExLSFM still

needs to mature before such issues can be addressed thor-

oughly.17 Additionally, the amount of RAM necessary to effi-

ciently run processing software on massive image datasets

may be extremely high. It remains an open question as to the

speed at which automated tracing software could segment im-

age data, even assuming the construction of a powerful high-

performance computing (HPC) center built with the singular

goal of reconstructing a mouse or human brain. It will likely

be critical to leverage both application-specific hardware and

innovative new tracing software strategies. As a recent

example of progress in tracing software, a method by Schmidt

et al. called RoboEM has demonstrated the potential for more

accurate automated error correction on automated connec-

tomic segmentations.33 By comparing how much money was
necessary for annotating past EM datasets, Schmidt et al. esti-

mated RoboEM’s computational monetary cost at 400 times

less than the monetary cost of paying for manual annotation

of equivalent accuracy. (Though both RoboEM and the manual

annotators still made some mistakes in annotating the tested

dataset, the frequency of mistakes made was roughly equiva-

lent.) Furthermore, RoboEM performed 3.5-fold better than

state-of-the-art flood-filling networks in resolving split errors.

As we will discuss more later, ExLSFM image processing re-

quirements might drastically decrease through the use of multi-

color fluorescent barcodes as labels for each neuron.14,34,35

This might provide a path forward for ExLSFM connectome im-

age processing automation. Connectomics image processing

is an area that still needs further maturation.

EM

EM represents a central method used in connectomics studies

and has, so far, been the only technique that has facilitated

computational reconstruction of complete whole-brain connec-

tomes (C. elegans,D.melanogaster, andP. dumerilii).3–5,8,36 It in-

volves sectioning (or milling) a sample into very thin slices and

sequentially imaging each slice with an electron microscope.

The most commonly used EM methods in connectomics are se-

rial-section transmission EM (ssTEM) (Figure 2A), serial block-

face EM (SBEM) (Figure 2B), and focused ion beam scanning

EM (FIB-SEM) (Figure 2C).37 Extensive engineering efforts have

gone toward increasing the throughput of these core techniques.

Some important advances in the area include multibeam SEM

(multiSEM) (Figure 2D),27 automated tape-collecting ultramicrot-

omy SEM (ATUM-SEM)38 (Figure 2E), GridTape ssTEM39 (Fig-

ure 2F), and gas cluster ion beam SEM (GCIB-SEM)40 (Fig-

ure 2G). These approaches have shown success for small

volumes (i.e., up to the 1 mm3 scale) and may be amenable to

parallelization for higher throughput, albeit at very high monetary

costs. Indeed, some investigators have suggested industrial fa-

cilities with hundreds of electron microscopes working in parallel

tomap entiremammalian brains.40 Constructing andmaintaining

such facilities would probably cost hundreds of millions to bil-

lions of dollars, so further increases in the throughput of individ-

ual instrumentsmay still be necessary. Nonetheless, EMbrings a

long history of connectomics successes, and scaling it up for the

mouse brain connectome has been suggested as feasible within

the coming decade.2

How fast are current EM methods for imaging brain tissue?

(Table 1) In a landmark study by Yin et al., a 1 mm3 volume of

brain tissuewas imaged in 6months (43 43 40 nm voxels) using

a system consisting of 6 parallelized and fully automated ssTEM

microscopes.13 The authors built this system by incorporating

several custom hardware modifications into commercially avail-

able JEOL 1200EXII 120 kV TEMs as well, as by developing a

software framework to facilitate a consistent automation pro-

cess. Each microscope cost about $125,000, and the hardware

modifications on each added a further $125,000 to the cost

($250,000 per customized microscope). As such, the total cost

of the system of 6 microscopes was about $1.5 M. While these

microscopes were purchased secondhand and thus were some-

what less expensive than brand-new instruments would have
Cell Reports Methods 5, 100988, February 24, 2025 3



Figure 2. EM techniques

Depictions of the mechanisms of (A) serial-section transmission electron microscopy (ssTEM), (B) serial block-face scanning electron microscopy (SBEM),

(C) focused ion beamSEM (FIB-SEM), (D) multibeamSEM (multiSEM), (E) automated tape-collecting ultramicrotomy SEM (ATUM-SEM), (F) GridTape ssTEM, and

(G) gas cluster ion beam SEM (GCIB-SEM). For more details on these technologies, their use in connectomics, and how they have been modified for improved

throughput, see excellent reviews by Titze et al.38 and Peddie et al.41
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been, economies of scale may act to counterbalance the price of

such microscopes in the future. Another example of a 1 mm3

acquisition comes from Shapson-Coe et al., who used ATUM

to section the tissue and a multiSEM instrument (4 3 4 3

33 nm voxels) to image the tissue over the course of 326 days

(10.516 months).19,42 The price of the multiSEM instrument

was about $4 M for the version used by Shapson-Coe et al.,

which utilized 61 beams.19,39,42 It should be noted that an even

faster 91-beam multiSEM is also now commercially available.

These investigations represent the first steps into millimeter-

scale EM connectomics and will serve as a foundation for future

advances in the field.

EM throughput may continue to grow over time as new tech-

nologies are developed. A promising direction employs the

techniques of broad ion beam SEM (BIB-SEM) and mSTEM
4 Cell Reports Methods 5, 100988, February 24, 2025
and combines them to make a method called BIB-mSTEM.44

This involves cutting thick sections of around 100–10,000 nm,

imaging them via mSTEM, milling via BIB, and computationally

stitching reconstructions of the thick sections. Thick sections

are much easier to handle and cause less difficulty in computa-

tional reconstruction downstream than ultrathin 30-40 nm sec-

tions, so the technique has the potential to accelerate connec-

tomics workflows by circumventing the slowdowns associated

with ultrathin sectioning difficulties. Zheng et al. also greatly

improved a technique called beam deflection TEM (bdTEM),

which has been shown to substantially increases the

throughput relative to the Yin et al. study described earlier.43

Beam deflection allows scanning of the electron beam over

nine image tiles without moving the stage, thus eliminating eight

out of nine stage movements and speeding up imaging overall.



Table 1. Comparison of parameters from key publications and preprints involving high-throughput EM methods for connectomics

Study Yin et al.13 Shapson-Coe et al.19 Zheng et al.43

Imaging speed per microscope (mm3/month) 0.0278 0.0951 0.3 (projected)

Cost per microscope ($) 250,000 4 M 500,000

Voxel size (nm) 4 3 4 3 40 4 3 4 3 33 3.6 3 3.6 3 45

Time to image mouse brain

per 1 microscope (years)

1,500 438 139.6

Time to image human brain

per 1 microscope (years)

3.6 M 1.05 M 333,333

Time to image mouse brain

with $100 M worth of microscopes

3.75 years with 400 microscopes 17.5 years with 25 microscopes 0.69 years with

200 microscopes

Time to image human brain

with $100 M worth of microscopes

9,000 years with 400 microscopes 42,061 years with 25 microscopes 1,667 years with

200 microscopes
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With the same type of camera, the bdTEM microscopes can

each image tissue (3.6 3 3.6 3 45 nm voxels) much faster

than those of the Yin et al. study. The authors estimate that if

the four microscopes were to run at 65% uptime, then they

could together image 1 mm3 in 37 days. Also, retrofitted from

JEOL 1200EXII 120 kV TEMs, each of the custom bdTEMs

cost about $500,000. Four of these were constructed at the

Princeton facility described by Zheng et al. (about $2 M total

cost). Future innovations have the potential to continue

improving the throughput of EM instruments.

Although we assume in our calculations that EM sample

preparation difficulties can be overcome during the design of

high-throughput imaging pipelines, this part of the process re-

mains challenging. Serial sections can suffer from inconsistent

staining, warping, folding, shrinkage, and ultrastructural dam-

age.41,45 Problems with staining have been greatly ameliorated

by improved en bloc staining techniques where large tissue

volumes and even whole mouse brains can be consistently

penetrated by the reagents.46 To accelerate sectioning and

improve the quality and consistency of the resulting sections,

the aforementioned ATUM was developed.47 ATUM originally

used electron-opaque support tape, limiting its use to SEM

devices.48 More recently, an approach known as GridTape

has made ATUM compatible with TEM.39 GridTape utilizes

an electron lucent type of support tape for ATUM. It thus com-

bines automated serial sectioning onto a TEM-compatible

tape substrate with automated high-throughput imaging,

creating a fully automated workflow for ssTEM. It has shown

the capacity to collect over 4,000 sections (each roughly

1 mm2 in area) per day. At 40 nm thickness per section, this

means that a �0.16 mm3 volume (roughly 1 mm2 area 3

0.16 mm thickness) could be prepared in a day using one

GridTape instrument. With the exact setup described in the

original GridTape publication,39 sample preparation would still

take a large amount of time (e.g., 8.56 years for one GridTape

instrument working on a 500 mm3 mouse brain). However,

alternative designs might greatly speed up this process. A

wider diamond knife may allow the preparation of sections

with substantially larger surface areas. For instance, reliable

cutting of ATUM sections of 3 3 3 mm2 using a 4 mm blade

have been reported, and even larger blades may further in-

crease throughput on a single instrument.38 Cameras with
wider field of view (FOV) are available for such purposes as

well. Similar reasoning could apply to SBEM methods. FIB-

SEM methods can also cause unintended damage to the tis-

sue during ion beam milling, and the likelihood of inconsistent

milling increases for wider tissue volumes since the energy of

the beam decreases as it travels through tissue for long dis-

tances.41 However, GCIB-SEM may circumvent many of these

issues by replacing the parallel milling beam with a perpendic-

ular beam (of lower energy) to allow consistent milling across

arbitrarily wide surfaces.40 Because of these factors, we sug-

gest that imaging rate may still represent the main speed

bottleneck in ssTEM, SBEM, and GCIB-SEM connectomics.

LSFM WITH ExM

Coupling LSFM with ExM represents a promising up-and-com-

ing approach for mammalian brain connectomics. LSFM utilizes

specialized lenses to generate a thin sheet of laser light and

excite fluorophores across a planar region of tissue.49 Alterna-

tively, LSFM can utilize a rapid laser scanning approach to

construct a sheet of light along the axis of the scan. In either

case, an objective lens to collect light for the detector is placed

perpendicular to the light sheet. The instrument translates the

sheet (or the sample itself) along this perpendicular axis to collect

a stack of images for reconstruction into a 3D volume. For most

samples, LSFM requires tissue clearing to minimize the scat-

tering of light. Fortunately, ExM clears tissue by virtue of volu-

metric dilution, so expanded tissues are translucent and

amenable to LSFM.50 ExLSFM is a serendipitous union of tech-

nologies, combining increased resolution with the speed neces-

sary to reconstruct large volumes.

Although ExLSFM has not yet reached a point where it is

widely used in dense neural circuit mapping, it represents the

subject of intensive research and seems on the cusp of feasibility

as a tool for connectomics (Table 2). As mentioned earlier, Tava-

koli et al. successfully achieved dense neuronal reconstruction

of 16-fold expanded tissue imaged with a spinning disk confocal

microscope.17 They imaged a 16-fold expanded piece of tissue

(with a pre-expansion volume of 0.00095 mm3) over the course

of 6.5 h. This is too slow for mammalian brain connectomics

since 1 mm3 would take 6,841.9 h or 9.37 months. It is plausible

that applying LSFM instead of spinning disk confocal
Cell Reports Methods 5, 100988, February 24, 2025 5



Table 2. Comparison of parameters from key publications and preprints involving high-throughput LSFM methods as hypothetically

combined with either standard 4.5-fold expansion or 24-fold pan-ExM-t expansion as described by M’Saad et al.’s preprint and also

possibly with the membrane stain from Shin et al.’s preprint.

Hypothetical combined study Wang et al.56 with 4.5-fold expansion

Chakraborty et al.57

with 24-fold expansion15 Prince et al.58 with 24-fold expansion15

Actual imaging speed per

microscope (mm3/month)

802 2,536 3,707

Cost per microscope ($) 300,000 120,000 104,000

Effective voxel size (nm)

after expansion

12.4 3 12.4 3 30 17.7 3 17.7 3 17.7 17.7 3 17.7 3 17.7

Time to image expanded mouse

brain per 1 microscope (years)

4.7 227 155

Time to image expanded human

brain per 1 microscope (years)

11,363 545,000 373,000

Time to image expanded mouse

brain with $100 M worth

of microscopes

0.014 years with 333 microscopes 0.273 years with

833 microscopes

0.162 years with 962 microscopes

Time to image expanded human

brain with $100 M worth

of microscopes

34 years with 333 microscopes 654 years with 833

microscopes

388 years with 962 microscopes
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microscopy could greatly accelerate this type of imaging. How-

ever, since their spinning disk confocal setup had much better

axial and lateral resolution than is achievable by the faster types

of LSFM (discussed in the following paragraphs), the expansion

factor would likely need to be somewhat higher to still facilitate

dense reconstruction. With respect to this point, another method

by M’Saad et al. called pan-ExM-t has achieved 24-fold expan-

sion as well as clear enough staining of proteins to delineate

cellular boundaries in a fashion that somewhat resembles

EM.15 While M’Saad et al.’s expansion technique was not used

in combination with LSFM, it seems plausible that this will be a

next step. Furthermore, in the case of lattice light-sheet micro-

scopy (LLSM), a standard 4.5-fold expansion factor24 might be

sufficient. A recently developed staining technique by Shin

et al. has also shown the capacity to strongly label membranes

in expanded and iteratively expanded brain tissue samples.25

This staining technique has a high potential to improve the

traceability of brain tissue in the context of ExM. Along these

lines, though volumetric signal dilution from high expansion fac-

tors sometimes necessitates longer exposure times for suc-

cessful imaging, dense staining approaches like the aforemen-

tioned pan-labeling technique by M’Saad et al.15 and the

membrane labeling method by Shin et al.25 have the potential

to counteract such slowdowns. Iterative signal amplification

methods51–53 or extremely bright plasmonic fluorophore la-

bels54,55 may further improve staining quality in expanded tis-

sues and thus ensure that exposure requirements do not sub-

stantially slow imaging. As will be discussed subsequently,

certain LSFM setups can image at sufficiently small voxel sizes

such that 24-fold expansion or even 4.5-fold expansion,

perhaps along with membrane labeling, have the potential to

produce EM-like resolution.

What kinds of ExLSFM will be useful for imaging mammalian

connectomes? (Figures 3A–3C) LLSM has received a great

deal of attention,59–61 but it usually suffers from extremely

small FOVs and working distance limitations, which may
6 Cell Reports Methods 5, 100988, February 24, 2025
make it unsuitable for whole-brain mammalian connectomics,

especially in the context of expanded samples.62,63 (Small

FOVs vastly slow imaging due to volumetric scaling.) However,

Wang et al. developed a promising workaround in a recent

study on ExM with LLSM (ExLLSM): a photodegradable hydro-

gel and a UV light sheet for photochemical sectioning (Fig-

ure 3C).56 In this way, large tissue volumes were rapidly recon-

structed through sequential ExLLSM imaging followed by

controlled photodegradation of the imaged layers, effectively

extending the ‘‘working distance’’ of the ExLLSM. They named

this method VIPS. Wang et al. demonstrated the potential of

their technology by imaging a mouse olfactory bulb of a

9.4 3 6.4 3 4.3 mm (258.7 mm3) volume after 2-fold expan-

sion in 10 days at an actual voxel size of 56 3 56 3 135 nm

(28 3 28 3 67.5 nm effective voxel size post-expansion).

Although successful in reconstructing axons, this was insuffi-

cient for the reconstruction of some dendrites and synapses.

As such, we will assume that 4.5-fold expansion64 would be

sufficient for full nanoscale connectome reconstruction since

it reaches a 12.4 3 12.4 3 30 nm non-isotropic voxel size

(see the introduction for more details on our assumptions).

With 4.5-fold expansion instead of 2-fold expansion, the

same volume of 258.7 mm3 should take about 113.9 days to

image (since the volume would be about 11.39 times larger).

At this imaging speed, VIPS has promise for whole-brain

mammalian connectomics, particularly if the method can be

improved further. Another valuable approach may come in

the form of axially swept light-sheet microscopy (ASLM) (Fig-

ure 3B). In particular, Chakraborty et al. demonstrated

cleared-tissue ASLM (ctASLM), which was able to image

1 mm3 volumes at a 425 nm isotropic step size (voxel size)

over the course of 17.6 min.57 If coupled with 24-fold expan-

sion from pan-ExM-t, this would result in effective 17.7 nm

isotropic voxels and would take 13,824 times longer to

image (about 169 days) due to the larger volume. With an

extension of the ctASLM design called signal improved



Figure 3. ExM techniques

(A) Tissue expansion physically enlarges tissue

after infusion with a swellable hydrogel and the

addition of purified water. More details on

expansion microscopy (ExM) can be found in

excellent reviews by Truckenbrodt50 and Wen

et al.65

(B) Expansion light-sheet fluorescence micro-

scopy (ExLSFM) in an axially swept light-sheet

microscopy (ASLM) configuration.

(C) Expansion lattice light-sheet microscopy

(ExLLSM) in a ‘‘volumetric imaging of biological

specimens via photochemical sectioning’’ (VIPS)

configuration. More details on LSFM can be found

in an excellent review by Stelzer et al.49
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ultrafast light-sheet microscopy (SIFT), Prince et al. were able

to improve the imaging speed to roughly 1 mm3 per 9.4 min

while maintaining 425 nm voxels.58 Once again, if coupled

with 24-fold expansion from pan-ExM-t, this would result in

effective 17.7 nm isotropic voxels and would once again take

13,824 times longer to image (about 90 days) due to the volume

increase. It seems that the dawn of scalable ExLSFM connec-

tomics may arrive soon given the ongoing convergence of

rapidly advancing ExM and LSFM technologies.

We should alsomention a highly publicized advance wherein a

recent Allen Institute effort constructed an LSFM microscope

called ExA-SPIM (expansion-assisted selective plane illumina-

tion microscopy), which is specially designed to rapidly image

large volumes of expanded tissue at moderate voxel sizes of,

at best, 1,000 3 1,000 3 2,500 nm.66 Though the ExA-SPIM is

very fast due to its massive FOV and working distance and it

can reach an imaging rate of 50 cm3 per day, even 24-fold

expansion would only give effective voxel size of 41.67 3

41.67 3 104.17 nm. This is likely insufficient to achieve the res-

olution necessary for nanoscale connectomics. Because

of this drawback, we will not include ExA-SPIM in our tabular

comparison of ExLSFM methods for whole-brain mammalian

connectomics.

Barcoding neurons by expressing unique mixtures of fluoro-

phores or using multi-round imaging of sequences of distinct flu-

orophores has been proposed as a way to mitigate the need for

extremely high resolution in connectomics.14,34,35 The feasibility

of dense connectomics through a combination of Brainbow and

sequential barcode methods has been supported by computa-

tional modeling on simulated data.14,34 However, the literature

is lacking in quantitative metrics as to exactly how much these

contrast mechanisms might mitigate the need for high resolu-

tion. We suggest prioritizing further quantitative investigations

exploring the degree to which color contrast and barcodes

may allow for connectomics imaging at coarser voxel size. It

should also be noted that sequential barcodes multiply the
Cell Reports M
acquisition time since they generally

necessitate multiple rounds of imaging,

though this is, fortunately, a linear in-

crease rather than an exponential one.

Regardless of its effect on imaging time,

adding color contrast and neuronal barc-
odes will likely improve segmentation accuracy, particularly

since existing single-color datasets are still subject to time-

consuming manual proofreading steps.4,19

While we largely assume in our calculations that ExLSFM sam-

ple preparation difficulties can be overcome over the course of

the design of high-throughput imaging pipelines, this part of

the processmay present unique challenges as well. In particular,

there has been little work toward developing reliable strategies

for either pre-expansion or post-expansion tissue sectioning.

As mentioned in the introduction, the large size of a whole

expanded brain will necessitate sectioning to fit within LSFM

FOVs, which could destroy parts of the tissue. Furthermore, a

way to hold the tissue steady during slicing will be needed to

ensure clean cuts. But in the pre-expansion case, traditional

forms of embedding may prove problematic since they could

preclude subsequent expansion. That said, it is conceivable

that one might develop a sturdy yet, under certain conditions,

removable embedding medium to facilitate pre-expansion

sectioning. For post-expansion sectioning, one could embed

the expanded brain tissue, but the physical properties of the

expansion gel might make clean cuts difficult to achieve.

Laser-based cutting methods may be useable in this case since,

unlike a microtome blade, they would not be prone to problems

arising from the gel’s mechanical elasticity. The fine details of the

neurites in expanded tissuewould be physically larger; therefore,

the part of the gel ablated by the laser may contain fewer cellular

features than if the laser had been applied to a non-expanded

sample. Indeed, the techniques of the earlier mentioned VIPS

approach56 might be adapted for this purpose, though they

would need optimization to slice tissue rather than fully ablate

it. Some degree of work remains to make these possibilities a re-

ality. We argue that once sectioning methods are established,

they will contribute relatively little to the overall costs of connec-

tome projects because a vastly smaller number of cuts will need

to be made in each brain compared to the number of cuts

needed for EM. Nonetheless, efficacious sectioning methods
ethods 5, 100988, February 24, 2025 7



Table 3. Direct comparisons of important characteristics of leading EM and ExLSFM approaches

EM ExLSFM

Time to image mouse brain with

$100 M worth of fastest

reported instruments

0.69 years with 200 bdTEM instruments at voxel size of 3.6 3 3.6 3 45 nm43 0.014 years with 333 VIPS ExLLSM instruments at

effective voxel size of 12.4 3 12.4 3 30 nm56

Time to image human brain with

$100 M worth of fastest

reported instruments

1,667 years with 200 bdTEM instruments at voxel size of 3.6 3 3.6 3 45 nm43 34 years with 333 VIPS ExLLSM instruments at

effective voxel size of 12.4 3 12.4 3 30 nm56

Sample preparation time

and challenges

a single ATUM instrument with a 4 mm blade may section around 3 3 3 3 0.16 mm/day,38,39

so 200 ATUMs could section a whole mouse brain in 1.74 days or a whole

human brain in 11.42 years.

ExM protocols on their own often take <1 week15,67;

however, brains will likely need to be cut into

millimeter-scale or centimeter-scale blocks,

and there is currently no method for properly

sectioning pre-expansion or

post-expansion tissues

Raw data storage requirements �85.7 petabytes (cost of roughly $942,700) for mouse brain raw data and �205.7 exabytes

(cost of roughly $2,262,700,000) for human brain raw data28
identical raw data storage requirements unless

fluorescent color contrast methods

(e.g., Brainbow68) or fluorescent barcoding14,34

enable acquisition of larger voxels without loss

of traceability; it should be noted that the

number of color channels scales linearly,

while larger voxels could exponentially

decrease necessary data storage amounts

Data processing requirements much work remains to develop fully automated tracing algorithms; as there are no existing

examples of fully automated tracing software, we cannot estimate compute requirements;

advances in application-specific hardware may mitigate HPC costs

molecular labels in the form of fluorescent

color contrast or fluorescent barcoding

might help partially mollify the obstacles of

automated tracing, but these approaches

are still in their infancy; additionally, alignment

of multiple expanded volumes (after sectioning)

may present new challenges

Feasibility of mouse connectome an EM mouse brain connectome project is feasible in the next decade or so if the fully

automated tracing problem can be solved and sufficient funding is available to pay

for microscopes, data storage and processing, labor costs, etc. (on the order of at

least several hundred million dollars)1,2

an ExLSFM mouse brain connectome project is

feasible in the next decade or so if ExM sample

preparation and imaging pipelines mature;

lack of approaches for sectioning expanded

tissue volumes and reconstructing across sections

hampers progress for now

Feasibility of human connectome EM-based reconstruction of a human connectome is unlikely to occur for a very long time;

alternative technological paradigms like X-ray nanotomography69–71 should be explored

prior to making massive investments into a human connectome project

an ExLFSM human brain connectome project

might be feasible in �25–50 years assuming

further technological advances in both ExM

and LSFM, but this remains highly uncertain;

new technological paradigms such as X-ray

nanotomography69–71 should be explored

before making enormous investments into a

human connectome project
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Table 4. Brief overview of some advantages and some disadvantages of EM and ExLSFM

Advantages Disadvantages

EM d well-established technology

d track record for invertebrate connectomes

d high resolution

d established membrane staining methods

d can reimage desired subvolumes at

higher magnifications to uncover more details

d long acquisition times even with advances

d involves lots of destructive slicing or milling steps

d not easily compatible with molecular labeling

d multiSEM instruments are very expensive

ExLSFM d much higher speed

d compatible with molecular labeling

d compatible with barcoding

d less slicing needed

d less well-established technology

d lack of connectomics track record

d less well-established membrane staining methods

d imperfect expansion might damage cellular features
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will remain crucially important to the success of whole-brain

ExLSFM connectomics efforts.

DISCUSSION

Making comparisons across the landscape of connectome im-

aging technologies is difficult because distinct methods involve

different technical challenges. Furthermore, some degree of

extrapolation is necessary to account for the rapid development

of emerging but not yet fully tested imaging pipelines. Nonethe-

less, careful examination of existing and emerging technologies

can yield useful insights (Table 3). EM and ExLSFM have their

own unique pros and cons (Table 4). EM benefits from a long his-

tory of technology development for connectomics applications

and has a strong existing infrastructure for high-throughput con-

nectomics pipelines. ExLSFM represents an emerging modality

that has only recently been considered for connectomics, yet it

has a speed advantage over EM and opens doors to using multi-

plexed fluorescent markers for simultaneously probing the

brain’s molecular information.14 Each of these technologies de-

serves consideration in the context of mammalian connectom-

ics, though developing multiple imaging modalities in parallel

will likely prove the best route in the end.

Imaging mammalian connectomes represents a grand chal-

lenge. Despite this, new enabling technologies are rapidly

maturing. C. elegans and Drosophila connectomes have already

transformed the practice of neurobiology and led to a wide vari-

ety of advances in the field. Coupled with computational

modeling, mammalian connectomes could provide unprece-

dented insights into cognition, emotion, and brain disease.

They may inform the design of AI, robotics, and brain-computer

interfaces.72 Advanced imaging technologies are drawing

mouse connectomes within reach. Mapping the human connec-

tome remains a more distant goal, yet paradigm-shifting

advances, such as synchrotron X-ray nanotomography

methods69–71 and/or massive parallelization, may still make

that a feasible goal sometime in the future. We anticipate that

mammalian connectomes will facilitate dramatically transforma-

tive insights, improving biomedicine and perhaps even helping

us better understand what it means to be human.
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