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Abstract: Tissue slicing is at the core ofmany approaches to

studying biological structures. Among the modern volume

electronmicroscopy (vEM)methods, array tomography (AT)

is based on serial ultramicrotomy, section collection onto

solid support, imaging via light and/or scanning electron

microscopy, and re-assembly of the serial images into a vol-

ume for analysis. While AT largely uses standard EM equip-

ment, it provides several advantages, including long-term

preservation of the sample and compatibility with multi-

scale and multi-modal imaging. Furthermore, the collection

of serial ultrathin sections improves axial resolution and

provides access for molecular labeling, which is beneficial

for light microscopy and immunolabeling, and facilitates

correlation with EM. Despite these benefits, AT techniques

are underrepresented in imaging facilities and labs, due to

their perceived difficulty and lack of training opportunities.

Here we point towards novel developments in serial sec-

tioning and image analysis that facilitate the AT pipeline,

and solutions to overcome constraints. Because no single

vEM technique can serve all needs regarding field of view

and resolution, we sketch a decision tree to aid researchers

in navigating the plethora of options available. Lastly, we

elaborate on the unexplored potential of AT approaches to

add valuable insight in diverse biological fields.

Keywords: volume electronmicroscopy; array tomography;

ATUM; light microscopy; ultramicrotomy; serial sectioning

1 Introduction

In the last few years, volume electronmicroscopy (vEM) has

become part of the portfolio of a standard cell biological EM
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laboratory [1]. Among the most commonly used approaches

are the block-face methods, that build on alternating sec-

tioning and imaging of the remaining block-face within the

microscope chamber, such as serial block-face SEM (SBF-

SEM) [2] and focused ion beam scanning EM (FIB-SEM) [3].

Alternatively, for array tomography (AT) approaches serial

sections are collected on a substrate, either on rigid support

(rsAT) [4], or on tape using automated tape collecting ultra-

microtomy (ATUM) [5], [6]. With either approach, the result-

ing images are aligned and reconstructed into a volume

for further analysis and exploration. When designing new

projects that require high resolution imaging, researchers

have to choose the appropriate two- or three-dimensional

EM technique among the available technical repertoire.

This is often a complicated decision that has to take into

account feasibility, scientific goals and economic aspects.

Much like summiting a mountain, there are different ways

to reach the destination, each with its advantages and

drawbacks (Figure 1). Block-face techniques benefit from

new commercial microscopy hardware solutions that are

actively promoted, rather like a cableway, while AT builds

on modular but basic workflows that can be accomplished

using existing equipment, akin to a hiking adventure. Even

though AT requires little investment, these approaches are

still an underrepresented group of vEM solutions [7]. Exper-

imentally, there is one major argument against the applica-

tion of AT: because axial resolution is determined by section

thickness, AT approaches usually result in anisotropic vol-

umes. Yet, a vital advantage of AT is that section collection

and preservation provide unique possibilities for repetitive,

targeted and large area imaging. Samples can be inspected

at different resolution regimes, a strategy known as hier-

archical imaging, and with different modalities for a more

comprehensive analysis. Barriers in favoring AT over other

vEM techniques are the lack of know-how and a percep-

tion of AT as a laborious technique. For a novice in the

field, usually this results in questions like “are the poten-

tial benefits worth the effort?”. Here, we point at possibil-

ities to overcome these limitations and highlight automa-

tion options in order to professionally equip any aspiring

“AT hiker”. We present a decision tree to aid the choice of

the imaging approach for specific research projects. Lastly,

we stress AT’s unique benefits and potential for further

development.
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Figure 1: Illustration of different volume EM options. The colors indicate the different approaches: block-face (FIB-SEM, blue; SBF-SEM, cyan), serial

section TEM (ssTEM, orange) and AT (magenta), including transport modes and trail trajectories. Improvements of the AT pipeline are shown as hiking

equipment, symbolizing automation options as well as optimization of mapping and image registration. Hidden regions of interest (ROI) and

completed volume ultrastructural data sets are peaks to be reached (flag) dependent on the approach. All in all, block-face methods are the fastest

way to reach the top, albeit along a fixed route. Traditional ssTEM provides the highest level of detail, but along a challenging trail that is not for the

faint of heart. The AT hiker is well equipped to climb any trail (shorter or longer) to reach the peak and explore treasures along the way, e.g.

hierarchical imaging options (rare flowers) or multimodality (native animal species).

2 Array tomography challenges

and solutions

Originally, serial sectioning on grids for transmission EM

(TEM) was mastered by a few gifted and patient imaging

scientists [8]–[12]. The initial idea to automate serial section

imaging by improving the laborious manual section collec-

tion onto grids was fueled by the “connectomicsmovement”

which required the collection of thousands of serial sections

[12]. With AT, section ribbons are picked onto a much larger

and more stable surface, such as coverslip, wafer or tape,

making it easier to collect long series of sections compared

to picking up sections on tiny and fragile EM grids. Never-

theless, serial sectioning and collection remains a tedious

step, and for many, a major obstacle in the pipeline. Sec-

tioning and collecting thousands of 30–40 nm thick ultra-

thin sections is at the moment only possible in a few labs

[13]–[15], however, collection of hundreds of 45–100 nm

thick serial sections onto tape [16]–[18], or solid substrate

[19]–[22] is done routinely. There are various approaches to

facilitate the collection of sections, with different laborato-

ries having their own preferences. Serial section collection

has spurred many low cost and unconventional solutions

such as using hair spray to keep the sections together in

a ribbon [23], deploying a fishing line to lift the substrate

out of the knife boat [24], adapting a game controller to

navigate the sectioned ribbon to the substrate [25], or using

a paper clip to secure the substrate within the knife boat

[22]. Commercial microtomy solutions include a manipu-

lator handling the substrate [26], tape collectors [5], [27],

big knife boats with water outlets [28] or modified ultra-

microtomes (ARTOS 3D (Leica)). Even targeted trimming

on a microtome, which is important for correlative work

or for localizing a region of interest in a reference data

set (usually generated by micro-computed tomography of a

tissue block), has been automated [29] (UC Enuity, (Leica)).

Further advancements like the usage of patterned silicon

substrate with hydrophilic tracks for section ribbons [30]

are expected tomake ultramicrotomy and section collection

for AT even more user friendly. A unique approach is the

magnetic collection of sections (MagC) which uses magnetic

resin and a diamond knife boat with a magnet to pack the

sections onto the substrate [31]. Instead of trying tomaintain

section order during collection, MagC includes fluorescent

beads in the resin and the gradual change of their pattern

in the section series is used to determine section order.

Recently, this magnet-driven approach has been further

automated with the GAUSS-EMmethod [32]. The beauty and

trade-off with magnetic approaches lies in the unordered
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collection which is easier to perform and results in a

high tissue density per substrate area but comes with the

cost of an additional ordering step in mapping and image

alignment.

Another challenge in AT workflows is the mapping

of the image series, i.e. identifying regions of interest on

individual sections in order for serial acquisition, and

image analysis. In comparison to block-face vEM methods

which benefit from imaging the static, remaining block-

face, AT generates sections with higher variability. Serial

AT sections are often rotated relative to each other, espe-

cially when single, non-ribbon sections are collected on

a tape, and they may have folds, dirt deposits or exhibit

distortion due to compression artifacts [33], which compli-

cates mapping and defining regions of interest for acqui-

sition, as well as subsequent image alignment. AT is also

a valuable method for imaging semithin sections, how-

ever in this case the higher difference in tissue features

additionally affects image alignment. There are commer-

cial mapping software packages for the respective SEM

instruments (Maps (Thermo Fisher Scientific), Atlas (Zeiss),

SEM Supporter (Jeol), ACAT (Hitachi)) and some pioneer-

ing labs use self-written scripts for SEM (WaferMapper:

[34]–[36]), fluorescence (MosaicPlanner: [37], [38]) or com-

bination of light and electron microscopy [39]. Some of

these mapping solutions benefit from automated section

detection that potentially fail for “difficult” samples (e.g.

semithin sections), and others are designed for tedious

but more flexible manual adaption and lack automation

options (discussed in [33]). Similar to the mentioned map-

ping challenges, typical vEM image alignment pipelines are

not directly applicable to AT data sets, as complex nonlin-

ear deformations originating from folds, chatter, stretching

or dirt deposition during sectioning have to be taken into

account for reconstructing the correct biological structure

[40]. However, conventional elastic alignment methods not

only eliminate nonlinear deformations also but also may

distort the natural biological morphology. This has been

addressed by elastic registration [41], taking local conti-

nuity of neighboring sections into account [40], [42], [43].

A recently proposed solution builds on Siamese Encoding

and Alignment by Multiscale Learning with Self Supervi-

sion (SEAMLeSS) [44]. An optimized SEAMLeSS alignment

hierarchically (coarse to fine) applies self-supervised con-

volutional nets to compute dense correspondences between

nearby images in combination with iterative fine-tuning

[45]. Once more, the driving force for this improved

alignment accuracy originates from the connectomics

community.

3 Choice of imaging approach

Improvements and automation of serial sectioning and

mapping, as well as image analysis, will decrease the entry

barrier for the establishment of AT workflows. Unlike the

block-face imaging techniques, where a more costly and

specialised SEM is required (with either an in-vacuo micro-

tome or a focused ion beam), the minimal instrumentation

needed to process sample blocks by AT is already commonly

available in many EM laboratories. Requiring only an ultra-

microtome and a diamond knife, as well as a fluorescence

microscope and/or a SEM, AT workflows are cost effective

approaches accessible to many. This is preferentially com-

plemented bymapping software, a collecting device or facil-

itator and a sputter coater. AT-specific consumables mainly

comprise the collecting support material and depend on

the choice of AT approach, rsAT (solid, e.g. silicon or glass)

versus ATUM (tape). Given proper training and availability

of AT equipment, a scientist or EM facilitymanagerwill have

to decide on the appropriate AT or other vEM technique to

apply to each project [46]. Someprojects even require taking

one step back to decide if an EM approach is required or

the research question can be better answered using light

microscopy. There are currently a variety of choices to inter-

rogate intact samples with high- or super-resolution light

microscopy, such as confocal, single-molecule localization,

expansionmicroscopy, for which we refer the reader to sev-

eral excellent recent reviews [47]–[49]. Among all options

that AT offers, one can consider immunofluorescence AT

with the benefit that it can be combined with conjugate EM

on the exact same physical sections, thus allowing ultra-

structural confirmation of the light microscopy analysis.

Immunofluorescence AT [4], [25] represents a volume

light microscopy method which falls in a somewhat unique

space between conventional immunohistochemistry and

EM, and this means that it is often overlooked by practition-

ers of either method. Immunofluorescence AT samples are

prepared in a similar way as samples for EM, by embed-

ding in resin and ultrathin serial sectioning, and require

tissue processing expertise and ultramicrotomes typical of

EM labs. Once sectioned, however, the tissue is labeled with

immunofluorescence and imaged on a fluorescence micro-

scope. Because of the thinness of sections (45–100 nm),

immunofluorescence AT has much higher lateral and axial

resolution compared to conventional immunofluorescence

on thicker (tens of μm) sections. There is no out-of-focus

fluorescence on immunolabeled ultrathin sections, and the

sections are imaged at ideal conditions as they are mounted
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directly on the coverslip, which brings the lateral resolu-

tion to the theoretical maximum, around 200 nm. The z-

resolution is higher and is determined by the thickness of

the section, which in practice means that an AT section

imaged by awidefield fluorescencemicroscope will provide

an order of magnitude higher z-resolution compared to a

much more expensive confocal microscope imaging of a

conventional immunofluorescence sample. The x-y resolu-

tion can be further improved by applying deconvolution

[50], or by imaging the sections with super-resolution meth-

ods like structured illumination, STED or STORM [51]–[53].

Furthermore, immunofluorescence AT enables the use of

multiple antibodies to characterize dozens of antigens on

the same or adjacent sections. Depending on the research

question and especially when the studied feature is large

enough to be definitively resolved (e.g. larger than 200 nm

in diameter), immunofluorescence AT can be a viable and

more efficient alternative compared to EM. The crucial ele-

ment for its success is the availability of suitable antibod-

ies to reliably label the features of interest in the resin-

embedded sections [52], [54], as well as antibodies against

other reference tissue components to provide tissue context

(Figure 2). For example, the smallest myelinated axons in

the central nervous system are around 200 nm in diameter

and there are excellent antibodies that label myelin for

AT, allowing a detailed investigation of the abundance and

trajectories of these axons [55]. Most, but not all mammalian

synapses are also larger than 200 nm, and immunofluores-

cence AT has been used for synapse quantification, includ-

ing analysis of changes associatedwith disease of the human

brain [56], [57].

Immunofluorescence AT, however, cannot provide the

rich ultrastructural detail and subnanometer resolution

provided by EM. For such projects, EM is the obvious

approach. With EM, there are many different routes to

take and more decisions to make to choose the appro-

priate technique. When two-dimensional EM is suffi-

cient, the choice is between AT and TEM, and if vEM

is required, then block-face techniques become a major

contender. We developed a simplified decision tree to

help guide the choice of EM imaging approach depend-

ing on the requirements of different research projects

(Figure 3).

Until recently, two-dimensional EMhas informedmuch

of our understanding of tissue ultrastructure or subcellu-

lar localization of proteins. When volume information is

not required, AT can be considered versus two-dimensional

TEM in cases where lateral pixel size of approximately

2–3 nm is sufficient. AT would be preferred if large areas

have to be screened for target identification or if quantifi-

cation of multiple regions or different samples is needed.

Sections from many samples can be mounted on the same

substrate, and AT mapping software not only covers serial

section acquisition but can be used to set up an imaging

run for multiple ROIs very easily, similar to SerialEM for

TEM [58]. While there is no limitation regarding tissue area

size from an imaging perspective, a bottleneck from an

ultramicrotomy point of view remains. Currently, consistent

sectioning with ATUM of block-face sizes as large as 5.16

by 3.67 mm has been reported [59], and there is potential

to obtain even larger areas using long knife edges (8 mm,

diatome) (Figure 3). The imaging of such large areas is

Figure 2: Immunofluorescence AT (IF-AT) versus EM. Both IF-AT and EM can be used to study myelinated axons in the mammalian brain [55]. With

IF-AT, myelin is readily identified using myelin basic protein (MBP) immunolabeling, and mitochondria using MDH2 immunolabeling. With EM, these

features are defined by their distinct ultrastructural appearance. Both approaches can quantify the prevalence and distribution of myelin within the

tissue, as well as basic morphology. IF-AT can further analyze the molecular composition of these axons (e.g. neurotransmitter content, GABA) and

their myelin, while EM provides the ultrastructural information to assess myelin or axonal integrity, as well as the tissue context to examine features

such as the relationship between myelin and astrocytic processes. IF-AT and EM can be applied together as conjugate AT when both molecular and

ultrastructural information is desired [37]. The method of choice varies depending on the scientific question.
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facilitated by fast large area scanning (MultiSEM (Zeiss), Fast

EM (Delmic)).

Similarly to two-dimensional cases, the resolution is

a major factor for deciding on a vEM approach. TEM, the

slowest of all “trails” to the vEM summit (Figure 1), is gener-

ally preferred when subnanometer resolution is required,

for example to identify the electrical connections between

neurons – the gap junctions [60]. For biological samples,

SEM resolution is limited by the probe size which deter-

mines the scanned pixel size. A field emission source can

generate amuch smaller probe size compared to a standard

tungsten filament, and thus a field-emission SEM is required

for most AT applications. TEM provides higher resolution

options with standard detectors, mostly limited by staining

intensity of the sample. The benefits of TEM, however, come

at the cost of much more tedious serial section collection

and handling, and a heightened risk of losing individual

sections due to small and fragile support substrates. For

larger section sizes and volumes, customized TEMs and soft-

ware are used [14], [61], [62]. Compared to TEM, block-face

SEM techniques are highly automated, much more user

friendly, and faster [63]. SBF-SEM is appropriate for less

resolution-demanding projects, especially in cases where

multiple volumes have to be imaged and analyzed. FIB-SEM

enables imaging at isotropic voxels, but with higher time

cost and much more limited block-face size (0.1 × 0.1 mm)

[64], compared to SBF-SEM imaging (2 × 2 mm). A novel

variant, plasma FIB-SEM (pFIB-SEM) provides alternative

milling gases, thereby enabling faster runs and larger block

faces [65]. Block-facemethods require that all tissue labeling

be done before sectioning and new approaches are facilitat-

ing consistent labeling and reagent penetration for larger

samples [66], [67]. However, block-face approaches do not

preserve the sections after they are imaged and therefore

do not allow repeated imaging at a different resolution or

with a different modality, which both TEM and AT offer.

Figure 3: Proposed flow chart to support decision making between different vEM approaches for life science EM facilities with standard equipment.

While there are physical constraints that make some techniques more suitable for specific research projects, the boundaries are quite flexible.

Decision making is further impacted by technology accessibility and capacity, available expertise, and costs. In many cases, different approaches are

equally well-suited and we only give suggestions for decision making. As an example, the criterium “sample restoration beneficial” refers to the

advantage of methods that preserve the imaged sections, like AT or ssTEM, in case of precious samples (e.g. human biopsy or a tissue from a complex

mouse model) that will potentially be used to answer several present and future scientific questions. Samples can be reimaged at different resolution

regimes at a later time point, and shared around the world for alternative investigations. In case this is not needed, it might be more straightforward

to apply block-face techniques. SBF-SEM provides restricted but not a “repetitive hierarchical imaging” option through the option to image at different

resolution regimes during a run. In this chart we distinguish AT techniques according to their support material for section collection: rigid support AT

(rsAT) and tape (ATUM) as this influences the block-face size and shape; when not specified, e.g. AT-SEM, either support material can be used. Scanning

electron microscopy (SEM), transmission electron microscopy (TEM), serial section TEM (ssTEM), focused ion beam (FIB), serial block-face (SBF), rigid

support AT (rsAT), automated tape collecting ultramicrotomy (ATUM), correlated light and electron microscopy (CLEM), region of interest (ROI).
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4 Array tomography’s unique

features and potential

Amajor advantage of AT compared to block-face techniques

is its restorative character, because the arrays of sections

are preserved after imaging. Assembled AT samples can be

stored for long periods of time (years) and can be reimaged

at different resolutions and on different instruments. This

feature, combined with the large field of view, is especially

helpful for hierarchical imaging, when searching for rare

events because the sections can be imaged at low resolution

first to locate the feature of interest, which is then imaged

at high resolution [28], [68]. Conversely, having imaged the

region of interest at high magnification, any particularly

interesting structures can be reimaged with lower resolu-

tion or different fields of view, thus capturing wider envi-

ronmental contexts that are informative to the research.

Additionally, the samples become a useful resource for the

future and can be interrogated again by the same or differ-

ent researchers to look at different regions or ask different

questions. Moreover, different modalities can be applied on

the same sections. For example, immunofluorescence AT

can be followed by SEM imaging of the ultrastructure in con-

jugate AT [37]. Both imaging modalities in this case are per-

formed on the exact same physical sections which removes

axial ambiguities during image registration, in contrast to

most CLEM methods where light microscopy is performed

on the intact sample before sectioning for EM imaging.

There are, however, several CLEM approaches that enable

the light microscopic interrogation of resin-embedded sam-

ples, either before sectioning [69], or after sectioning, with

alternating sections used for light and TEM [70], including

ssTEM [71].

AT allows a unique flexibility of scales in the axial

dimension, by variation of section thickness and the imag-

ing of every other section. SEM imaging can be performed

on ultrathin sections (down to 30 nm) to obtain ultrastruc-

tural details [15], as well as on semithick sections (up to 1 μm
and above) for fast imaging of large volumes with cellular

detail [72]. When choosing the specific 3D approach for a

given project, an important consideration is the size of the

sample. ATUM is much more convenient for large samples,

because the tape can accommodate an unrestricted number

of even large sections, while solid substrates have a much

more limited area to work with. However, if fluorescence

imaging of the samples is also desired, then transparent

solid substrates such as glass coverslips are preferred.

Besides the many advantages of the AT approach, there

is still dormant potential including the modular character

which has not been fully exploited. AT consists of separate

distinct steps or “modules” (sample preparation, collection,

labeling, mounting, imaging, image analysis), that can be

combined in different ways. The different steps of the AT

pipeline can be performed at different time points, shared

among staff or between geographically distinct facilities

with complementing expertise or equipment. The sample

block, the section series on support or the image series

can be shipped or transferred globally. This will favor the

strengthening of vEM imaging in locations without access

to all the necessary equipment and will enable scientists

around the world to address their unique imaging needs in

diverse biological fields such as pathobiology, microbiology

or botany [73]. AT’s “tissue library” character enables prac-

tically indefinite storage of precious samples like human

biopsies or autopsies and their reimaging at different res-

olutions and on different instruments [15], [74]. Besides

reimaging with electron or light microscopy and in order to

further extractmolecular readouts, promising first attempts

of correlating spatial transcriptomics with ultrastructural

data obtained by AT are emerging [75]. Moreover, semithin

and semithick sectioning on solid support material enable

the combination of AT and block-face techniques [76]–[78],

benefiting from the advantages of both approaches. While

AT provides fast screening for a biological target, it can

subsequently be imaged using FIB-SEM or gas cluster ion

beam (GCIB) [79] at isotropic voxels. Consequently, AT type

of methods can be combined to tap into different resolu-

tion regimes. Recently, the AT principle was even applied

to develop a serial cryo-EM approach called Serial Lift-Out

[80] that similarly provides access to high-resolution ultra-

structural details at different scales. Thus, AT’s modular-

ity not only enables sharing of samples for multimodal,

correlative and repeated microscopy but will allow the

exploitation of integrated imaging data by different scien-

tific groups around the globe. This development will be

increasingly relevant with the progress of deep learning

tools for microscopy. In order to make AT accessible to

many researchers, we are assembling relevant information,

protocols, resources and publications in an AT dedicated

webpage (www.arraytomography.org), preparing a hands-

on annual workshop for AT, and bringing AT-interested sci-

entists together online in a focused interest group within

the volume EM community (https://www.volumeem.org/at-

fig.html).

5 Conclusions

AT techniques continue to evolve, including section collec-

tion automation, combination with light microscopy super

resolution techniques [53] or other EM techniques [77], [78],

http://www.arraytomography.org/
https://www.volumem.org/at-fig.html
https://www.volumem.org/at-fig.html


K. D. Micheva et al.: Array tomography: trails to discovery — 15

as well as image analysis. For a novice in the field, both the

decision of the best technical approach and its execution

can present significant barriers to reach the summit, but the

many anticipated rewards and surprise discoveries along

the trail make the AT approach worth investing the effort.

While personal training of disseminators is crucial [73], [81],

the creation of an international network of AT imaging sci-

entists will facilitate optimization and further advances of

AT workflows. The imaging community will highly benefit

from cross-modal and interdisciplinary collaborations as

well as global integration of AT modules and thereby help

to advance diverse biological fields.

Acknowledgments: We thank the Co-PIs of our Chan

Zuckerberg Initiative, Advancing Imaging Through Collab-

orative Projects, Array Tomography Training and Network

project for valuable input: Bruno Humbel, Naomi Kama-

sawa, Thomas Misgeld, Josh Morgan, Mariano Soiza-Reilly

andMark Terasaki.We are grateful for inspiration and fruit-

ful discussions within the AT-FIG (focused interest group)

organized by the vEM community and the Slack channel

(emofcelltissueorg.slack.com).

Research ethics: Not applicable.

Author contributions: This manuscript was conceptualized

andwritten byKDMandMSwith the help of JJB. The authors

have accepted responsibility for the entire content of this

manuscript and approved its submission.

Competing interests:KDMhas founder’s equity interests in

Aratome, LLC (Menlo Park, CA), an enterprise that produces

array tomography materials and services. All other authors

state no conflict of interest.

Research funding: This study was supported by the Chan

Zuckerberg Initiative (AICP 2023-321242). KDM was funded

by the National Institutes of Health (R01 NS094499), JJB by

the Wellcome Trust AT-SEM 218278/Z/19/Z and the MRC Lab-

oratory forMolecular Cell Biology at University College Lon-

don (MC_U12266B), and MS by the Deutsche Forschungsge-

meinschaft (EXC 2145, SyNergy, ID 390857198 and TRR 274/1

2020, 408885537 (project Z01)).

Data availability: Not applicable.

References

[1] C. J. Peddie, et al., “Volume electron microscopy,” Nat. Rev. Methods

Primers, vol. 2, no. 1, p. 51, 2022,.

[2] W. Denk and H. Horstmann, “Serial block-face scanning electron

microscopy to reconstruct three-dimensional tissue

nanostructure,” PLoS Biol., vol. 2, no. 11, p. e329, 2004,.

[3] G. Knott, H. Marchman, D. Wall, and B. Lich, “Serial section

scanning electron microscopy of adult brain tissue using

focused ion beam milling,” J. Neurosci., vol. 28, no. 12,

pp. 2959−64, 2008,.
[4] K. D. Micheva and S. J. Smith, “Array tomography: a new tool for

imaging the molecular architecture and ultrastructure of neural

circuits,” Neuron, vol. 55, no. 1, pp. 25−36, 2007,.
[5] R. Schalek, et al., “ATUM-based SEM for high-speed large-volume

biological reconstructions,” Microsc. Microanal., vol. 18, pp. 572−3,
2012,.

[6] N. Kasthuri, et al., “Saturated reconstruction of a volume of

neocortex,” Cell, vol. 162, no. 3, pp. 648−61, 2015,.
[7] I. Kolotuev, “Work smart, not hard: how array tomography can

help increase the ultrastructure data output,” J. Microsc., vol. 295,

pp. 42−60, 2023..
[8] P. Somogyi and J. Hámori, “A quantitative electron microscopic

study of the Purkinje cell axon initial segment,” Neuroscience, vol. 1,

no. 5, pp. 361−5, 1976,.
[9] R. Dimova, J. Vuillet, and R. Seite, “Study of the rat neostriatum

using a combined Golgi-electron microscope technique and serial

sections,” Neuroscience, vol. 5, no. 9, pp. 1581−96, 1980,.
[10] I. A. Meinertzhagen, C. J. Armett-Kibel, and K. L. Frizzell, “The

number and arrangement of elements in the lamina cartridge of

the dragonfly Sympetrum rubicundulum,” Cell Tissue Res., vol. 206,

no. 3, pp. 395−401, 1980,.
[11] W. H. Fahrenbach, “Continuous serial thin sectioning for electron

microscopy,” J. Electron Microsc. Techn., vol. 1, pp. 387−98, 1984,.
[12] J. G. White, E. Southgate, J. N. Thomson, and S. and Brenner, “The

structure of the nervous system of the nematode caenorhabditis

elegans,” Philos. Trans. R. Soc., B, vol. 314, no. 1165, pp. 1−340, 1986,.
[13] D. G. C. Hildebrand, et al., “Whole-brain serial-section electron

microscopy in larval zebrafish,” Nature, vol. 545, no. 7654,

pp. 345−9, 2017,.
[14] The MICrONS Consortium, et al., “Functional connectomics

spanning multiple areas of mouse visual cortex,” bioRxiv,

2021.07.28.454025, 2021.

[15] A. Shapson-Coe, M. Januszewski, D. R. Berger, et al., “A

connectomic study of a petascale fragment of human cerebral

cortex,” bioRxiv, 2021.05.29.446289, 2021.

[16] V. Baena and M. Terasaki, “Three-dimensional organization of

transzonal projections and other cytoplasmic extensions in the

mouse ovarian follicle,” Sci. Rep., vol. 9, no. 1, p. 1262, 2019,.

[17] C. I. Thomas, et al., “Presynaptic mitochondria volume and

abundance increase during development of a high-fidelity

synapse,” J. Neurosci., vol. 39, no. 41, pp. 7994−8012, 2019,.
[18] I. Khalin, et al., “Size-selective transfer of lipid nanoparticle-based

drug carriers across the blood brain barrier via vascular occlusions

following traumatic brain injury,” Small, vol. 18, no. 18, 2022, Art.

no. 2200302,.

[19] E. B. Bloss, et al., “Structured dendritic inhibition supports

branch-selective integration in CA1 pyramidal cells,” Neuron,

vol. 89, no. 5, pp. 1016−30, 2016,.
[20] K. D. Micheva, M. Kiraly, M. M. Perez, and D. V. Madison,

“Conduction velocity along the local axons of parvalbumin

interneurons correlates with the degree of axonal myelination,”

Cerebr. Cortex, vol. 31, no. 7, pp. 3374−92, 2021,.
[21] N. Kim, S. Bahn, J. H. Choi, J. S. Kim, and J. C. Rah, “Synapses from

the motor cortex and a high-order thalamic nucleus are spatially

clustered in proximity to each other in the distal tuft dendrites of

mouse somatosensory cortex,” Cerebr. Cortex, vol. 32, no. 4,

pp. 737−54, 2022,.



16 — K. D. Micheva et al.: Array tomography: trails to discovery

[22] I. J. White and J. J. Burden, “A practical guide to starting SEM array

tomography − an accessible volume EM technique,” Methods Cell

Biol., vol. 177, pp. 171−96, 2023,.
[23] K. M. Harris, et al., “Uniform serial sectioning for transmission

electron microscopy,” J. Neurosci., vol. 26, no. 47, pp. 12101−3,
2006,.

[24] T. Koike, et al., “A device for ribbon collection for array tomography

with scanning electron microscopy,” Acta Histochem. Cytoc., vol. 50,

no. 5, pp. 135−40, 2017,.
[25] S. J. Smith, “Q&A: array tomography,” BMC Biol., vol. 16, no. 1, p. 98,

2018,.

[26] W. Spomer, et al., “Advanced substrate holder and multi-axis

manipulation tool for ultramicrotomy,” Microsc. Microanal., vol. 21,

pp. 1277−8, 2015,.
[27] X. Li, et al., “Large scale three-dimensional reconstruction of an

entire Caenorhabditis elegans larva using AutoCUTS-SEM,” J. Struct.

Biol., vol. 200, no. 2, pp. 87−96, 2017,.
[28] A. Burel, et al., “A targeted 3D EM and correlative microscopy

method using SEM array tomography,” Development, vol. 145,

no. 12, 2018, https://doi.org/10.1242/dev.160879.

[29] K. Meechan, et al., “Crosshair, semi-automated targeting for

electron microscopy with a motorised ultramicrotome,” bioRxiv,

2022.06.02.491151, https://doi.org/10.7554/elife.80899.

[30] J. Hoffmann, et al., “Siloxane-functionalised surface patterns as

templates for the ordered deposition of thin lamellar objects,” Sci.

Rep., vol. 9, no. 1, 2019, Art. no. 17952,.

[31] T. Templier, “MagC, magnetic collection of ultrathin sections for

volumetric correlative light and electron microscopy,” Elife, vol. 8,

p. e45696, 2019,.

[32] K. A. Fulton, P. V. Watkins, and K. L. Briggman, “GAUSS-EM: guided

accumulation of ultrathin serial sections with a static magnetic

field for volume electron microscopy,” bioRxiv, 2023.11.13.566828,

2023.

[33] G. Kislinger, et al., “Neurons on tape: automated tape collecting

ultramicrotomy-mediated volume EM for targeting

neuropathology,” Methods Cell Biol, vol. 177, pp. 125−70, 2023,.
[34] K. J. Hayworth, et al., “Imaging ATUM ultrathin section libraries

with WaferMapper: a multi-scale approach to EM reconstruction of

neural circuits,” Front. Neural Circ., vol. 8, p. 68, 2014,.

[35] V. Baena, R. L. Schalek, J. W. Lichtman, and M. Terasaki,

“Serial-section electron microscopy using automated

tape-collecting ultramicrotome (ATUM),”Methods Cell Biol., vol. 152,

pp. 41−67, 2019,.
[36] K. Friedrichsen, et al., “Reconstructing neural circuits using

multiresolution correlated light and electron microscopy,” Front.

Neural Circ., vol. 16, 2022, Art. no. 753496,.

[37] F. Collman, et al., “Mapping synapses by conjugate light-electron

array tomography,” J. Neurosci., vol. 35, no. 14, pp. 5792−807,
2015,.

[38] R. Serafin, O. Gliko, S. J Smith, and F. Collman, “MosaicPlanner:

hardware agnostic array tomography acquisition software,”

bioRxiv, 2018, https://doi.org/10.1101/473009.

[39] S. Gabarre, et al., “A workflow for streamlined acquisition and

correlation of serial regions of interest in array tomography,” BMC

Biol., vol. 19, no. 1, p. 152, 2021,.

[40] T. Xin, et al., “A novel registration method for long-serial section

images of EM with a serial split technique based on unsupervised

optical flow network,” Bioinformatics, vol. 39, no. 8, p. btad436,

2023,.

[41] S. Saalfeld, R. Fetter, A. Cardona, and P. Tomancak, “Elastic volume

reconstruction from series of ultra-thin microscopy sections,” Nat.

Methods, vol. 9, no. 7, pp. 717−20, 2012,.
[42] I. Yoo, D. G. C. Hildebrand, W. F. Tobin, W.-C. A. Lee, and W.-K.

Jeong, “ssEMnet: serial-section electron microscopy image

registration using a spatial transformer network with learned

features,” in Deep Learning in Medical Image Analysis and Multimodal

Learning for Clinical Decision Support, M. J. Cardoso, Ed., Cham,

Springer International Publishing, 2017, pp. 249−57.
[43] S. Popovych, J. A. Bae, H. S. Seung, (2020) “Caesar: segment-wise

alignment method for solving discontinuous deformations”, in

2020 IEEE 17th International Symposium on Biomedical Imaging (ISBI).

Iowa City, IEEE, 2020, pp. 1214−8.
[44] M. Mitchell, S. Keselj, S. Popovych, D. Buniatyan, and H. S. Seung,

“Siamese encoding and alignment by multiscale learning with

self-supervision,” arXiv:1904.02643v1, 2019.

[45] S. Popovych, et al., “Petascale pipeline for precise alignment of

images from serial section electron microscopy,” bioRxiv, 2022,

2022.03.25.485816.

[46] M. Schifferer, N. Snaidero, M. Djannatian, M. Kerschensteiner, and

T. Misgeld T, “Niwaki instead of random forests: targeted serial

sectioning scanning electron microscopy with reimaging

capabilities for exploring central nervous system cell biology and

pathology,” Front. Neuroanat., vol. 15, 2021, Art. no. 732506,.

[47] J. Jonkman, C. M. Brown, G. D. Wright, K. I. Anderson, and A. J.

North, “Tutorial: guidance for quantitative confocal microscopy,”

Nat. Protoc., vol. 15, no. 5, pp. 1585−611, 2020,.
[48] J. Valli, et al., “Seeing beyond the limit: a guide to choosing the

right super-resolution microscopy technique,” J. Biol. Chem.,

vol. 297, no. 1, 2021, Art. no. 100791,.

[49] N. Hümpfer, R. Thielhorn, and H. Ewers, “Expanding boundaries

− a cell biologist’s guide to expansion microscopy,” Journal of Cell

Science, vol. 137, no. 7, p. jcs260765, 2024,.

[50] G. Wang and S. J Smith, “Sub-diffraction limit localization of

proteins in volumetric space using Bayesian restoration of

fluorescence images from ultrathin specimens,” PLoS Comput. Biol.,

vol. 8, no. 8, p. e1002671, 2012,.

[51] S. M. Markert, et al., “Filling the gap: adding super-resolution to

array tomography for correlated ultrastructural and molecular

identification of electrical synapses at the C. elegans connectome,”

Neurophotonics, vol. 3, no. 4, 2016, Art. no. 041802;.

[52] N. Holderith, J. Heredi, V. Kis, and Z. Nusser, “A High-Resolution

Method for Quantitative Molecular Analysis of Functionally

Characterized Individual Synapses,” Cell Reports, vol. 32, no. 4,

2020, Art. no. 107968,.

[53] G. T. Kim, et al., “Efficient and accurate synapse detection with

selective structured illumination microscopy on the putative

regions of interest of ultrathin serial sections,” Front. Neuroanat.,

vol. 15, 2021, Art. no. 759816,.

[54] K. D. Micheva, et al., “Developing a toolbox of antibodies validated

for array tomography-based imaging of brain synapses,” eNeuro,

vol. 10, no. 12, 2023, ENEURO.0290-23, https://doi.org/10.1523/

eneuro.0290-23.2023.

[55] K. D. Micheva, et al., “A large fraction of neocortical myelin

ensheathes axons of local inhibitory neurons,” Elife, vol. 5, 2016,

no. e15784, https://doi.org/10.7554/elife.15784.

[56] R. M. Koffie, et al., “Apolipoprotein E4 effects in Alzheimer’s

disease are mediated by synaptotoxic oligomeric amyloid-β,”
Brain: J. Neurol., vol. 135, no. Pt 7, pp. 2155−68, 2012,.

https://doi.org/10.1242/dev.160879
https://doi.org/10.7554/elife.80899
https://doi.org/10.1101/473009
https://doi.org/10.1523/eneuro.0290-23.2023
https://doi.org/10.1523/eneuro.0290-23.2023
https://doi.org/10.7554/elife.15784


K. D. Micheva et al.: Array tomography: trails to discovery — 17

[57] L. Zoupi, et al., “Selective vulnerability of inhibitory networks in

multiple sclerosis,” Acta Neuropathol., vol. 141, no. 3, pp. 415−29,
2021,.

[58] M. Schorb, I. Haberbosch, W. J. H. Hagen, Y. Schwab, and

D. N. Mastronarde, “Software tools for automated transmission

electron microscopy,” Nat. Methods, vol. 16, no. 6, pp. 471−7,
2019,.

[59] X. Lu, et al., “A scalable staining strategy for whole-brain

connectomics,” bioRxiv, 2023.09.26.558265, 2023.

[60] C. L. Sigulinsky, et al., “Network architecture of gap junctional

coupling among parallel processing channels in the mammalian

retina,” J. Neurosci., vol. 40, no. 23, pp. 4483−511, 2020,.
[61] J. R. Anderson, et al., “A computational framework for

ultrastructural mapping of neural circuitry,” PLoS Biol., vol. 7, no. 3,

p. e1000074, 2009,.

[62] D. D. Bock, et al., “Network anatomy and in vivo physiology of

visual cortical neurons,” Nature, vol. 471, no. 7337, pp. 177−82,
2011,.

[63] A. Rollenhagen, et al., “Synaptic organization of the human

temporal lobe neocortex as revealed by high-resolution

transmission, focused ion beam scanning, and electron

microscopic tomography,” Int. J. Mol. Sci., vol. 21, no. 15, p. 5558,

2020,.

[64] V. Baena, et al., “FIB-SEM as a volume electron microscopy

approach to study cellular architectures in SARS-CoV-2 and other

viral infections: a practical primer for a virologist,” Viruses, vol. 13,

no. 4, p. 611, 2021,.

[65] T. L. Burnett, et al., “Large volume serial section tomography by Xe

Plasma FIB dual beam microscopy,” Ultramicroscopy, vol. 161,

pp. 119−29, 2016,.
[66] K. Song, Z. Feng, and M. Helmstaedter, “High-contrast EN bloc

staining of mouse whole-brain and human brain samples for

EM-based connectomics,” Nat. Methods, vol. 20, no. 6, pp. 836−40,
2023,.

[67] N. Karlupia, et al., “Immersion fixation and staining of multicubic

millimeter volumes for electron microscopy-based connectomics

of human brain biopsies,” Biol. Psychiatr., vol. 94, no. 4,

pp. 352−60, 2023,.
[68] I. Wacker, et al., “Hierarchical imaging: a new concept for targeted

imaging of large volumes from cells to tissues,” BMC Cell Biol.,

vol. 17, no. 1, p. 38, 2016,.

[69] S. S. Biel, K. Kawaschinski, K. P. Wittern, U. Hintze, and R. Wepf,

“From tissue to cellular ultrastructure: closing the gap between

micro- and nanostructural imaging,” J. Microsc., vol. 212, no. 1,

pp. 91−9, 2003,.
[70] H. Schwarz, “Correlative immunolabelling of ultrathin resin

sections for light and electron microscopy”, in Electron Microscopy

1998, ICEM 14, H. A. Calderón Benavides, M. J. Yacamán, L. F.

Jiménez, and J. B. Kouri, Eds., Vol. IV, Bristol, Institute of Physics

Publishing, 1998, pp. 865−6.
[71] J. R. Anderson, et al., “Exploring the retinal connectome,” Mol. Vis.,

vol. 17, pp. 355−79, 2011.
[72] M. Terasaki, J. C. Brunson, and J. Sardi, “Analysis of the three

dimensional structure of the kidney glomerulus capillary network,”

Sci. Rep., vol. 10, no. 1, 2020, Art. no. 20334,.

[73] M. A. Reiche, et al., “A comprehensive strategy to strengthen

bioimaging in Africa through the Africa microscopy initiative,” Nat.

Cell Biol., vol. 25, no. 10, pp. 1387−93, 2023,.
[74] F. Liesche-Starnecker, M. Schifferer, J. Schlegel, Y. Vollmuth, D.

Rubbenstroth, C. Delbridge, J. Gempt, et al., “Hemorrhagic lesion

with detection of infected endothelial cells in human bornavirus

encephalitis,” Acta Neuropathol., vol. 144, no. 2, pp. 377−9, 2022,.
[75] P. Androvic, M. Schifferer, K. P. Anderson, et al., “Spatial

transcriptomics-correlated electron microscopy,” bioRxiv, no.

02022.05.18.492475, 2022.

[76] K. J. Hayworth, C. S. Xu, Z. Lu, G. W. Knott, R. D. Fetter, J. C. Tapia, J.

W. Lichtman, and H. F. Hess, “Ultrastructurally smooth thick

partitioning and volume stitching for large-scale connectomics,”

Nat. Methods, vol. 12, no. 4, pp. 319−22, 2015,.
[77] G. Kislinger, et al., “ATUM-FIB microscopy for targeting and

multiscale imaging of rare events in mouse cortex,” STAR Protoc.,

vol. 1, no. 3, 2020, Art. no. 100232,.

[78] G. Kislinger, G. Fabig, A. Wehn, et al., “ATUM-Tomo: a multi-scale

approach to cellular ultrastructure by combined volume scanning

electron microscopy and electron tomography,” bioRxiv,

2023.07.12.547497, 2023.

[79] K. J. Hayworth, et al., “Gas cluster ion beam SEM for imaging of

large tissue samples with 10 nm isotropic resolution,” Nat.

Methods, vol. 17, no. 1, pp. 68−71, 2020,.
[80] O. H. Schiøtz, et al., “Serial lift-out − sampling the molecular

anatomy of whole organisms,” bioRxiv, 2023.04.28.538734, 2023,

https://doi.org/10.1038/s41592-023-02113-5.

[81] C. J. Guerin and S. Lippens, “Correlative light and volume electron

microscopy (vCLEM): How community participation can advance

developing technologies,” J. Microsc., vol. 284, no. 2, pp. 97−102,
2021,.

https://doi.org/10.1038/s41592-023-02113-5

	1 Introduction
	2 Array tomography challenges and solutions
	3 Choice of imaging approach
	4  Array tomographytnqx2019;s unique features and potential
	5 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


