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Quantitative in vivo imaging of entire embryos with
Digital Scanned Laser Light Sheet Fluorescence Microscopy
Philipp J Keller and Ernst HK Stelzer
The observation of biological processes in their natural in vivo

context is a key requirement for quantitative experimental

studies in the life sciences. In many instances, it will be crucial

to achieve high temporal and spatial resolution over long

periods of time without compromising the physiological

development of the specimen. Here, we discuss the principles

underlying light sheet-based fluorescence microscopes. The

most recent implementation DSLM is a tool optimized to deliver

quantitative data for entire embryos at high spatio-temporal

resolution. We compare DSLM to the two established light

microscopy techniques: confocal and two-photon

fluorescence microscopy. DSLM provides up to 50 times

higher imaging speeds and a 10–100 times higher signal-to-

noise ratio, while exposing the specimens to at least three

orders of magnitude less light energy than confocal and

two-photon fluorescence microscopes. We conclude with a

perspective for future development.
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Introduction
Acquiring and analyzing quantitative in vivo data of entire

organisms are two key goals in systems biology. Detailed

morphogenetic information on the cellular and subcellu-

lar levels can be recorded, for example, by light micro-

scopy approaches [1]. However, in order to capture an in
vivo development in a truly comprehensive manner,

fundamental technical challenges have to be met. Bio-

logical in vivo imaging of large embryos requires a com-

bination of conflicting features: high imaging speed, low

photo-bleaching and low photo-toxic load on the speci-

men, good three-dimensional resolution inside the speci-

men, excellent signal-to-noise ratio and multi-view

imaging capability. The latter feature refers to the capa-
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bility of recording a specimen along multiple directions,

which is crucial for the imaging of large specimen with

highly light-scattering or light-absorbing tissue properties

[2–4]. An imaging technique that fulfils these require-

ments is essential for many key applications: studying fast

morphological processes over long periods of time and

from a whole-embryo perspective, obtaining comprehen-

sive gene expression atlases with high spatio-temporal

resolution, reconstructing the formation of morphological

defects in mutants, establishing developmental blue-

prints of entire organs and tissues and assessing the level

of morphogenetic variability between embryos within

and across species borders, just to name a few.

Here, we discuss Digital Scanned Laser Light Sheet

Fluorescence Microscopy (DSLM) [4] as a novel tool

for quantitative imaging in the post-genomic era and

show how this emerging technique compares to the

currently most widely applied three-dimensional micro-

scopy techniques in biology: confocal fluorescence micro-

scopy and two-photon microscopy.

DSLM
The use of light sheets to visualize small objects has a

long history, including applications such as size measure-

ments of tiny gold particles [5] and the macroscopic

imaging of biological specimens [6]. More recently, this

concept has also been introduced to microscopic studies.

DSLM belongs to the family of Light Sheet-Based

Fluorescence Microscopy (LSFM), which comprises

implementations such as OPFOS [7], Thin Laser Light

Sheet Microscopy [8], Selective/Single Plane Illumina-

tion Microscopy (SPIM) [2], Ultramicroscopy [9] and

OCPI [10,11]. A different design for imaging large speci-

mens with good spatial resolution, but so far only mod-

erate temporal resolution, has been realized in OPT,

which is based on the back-projection of tomographic

recordings [12,13,14��]. While conventional and cofocal

epi-fluorescence microscopes employ the same lens for

fluorescence excitation and detection, LSFM relies on

the principle of sample illumination with a planar light

sheet perpendicular to the axis of fluorescence detection

[5,6]. Optical sectioning arises from the overlap between

the focal plane of the fluorescence detection system and

the excitation light sheet (Figure 1).

Conventional as well as confocal epi-fluorescence micro-

scopes excite fluorophores along the entire common illu-

mination/detection axis. Hence, when recording a single

plane they cause photo-bleaching and photo-damage
www.sciencedirect.com
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Figure 1

Principles of light sheet-based microscopy. Left: Comparison of sample illumination and fluorescence detection in conventional/confocal microscopy

and in light sheet-based microscopy (LSFM). Almost the entire specimen is illuminated in conventional/confocal microscopy, although fluorescence

from only a single plane in the specimen is detected. By contrast, no photo-damage is inflicted outside the in-focus plane of the detection system in

the light sheet-based microscope. Right: Three-dimensional imaging in light sheet-based microscopy is performed by moving the specimen through

the light sheet in small steps and recording a two-dimensional image at each step. In DSLM, three-dimensional imaging can alternatively be performed

by moving the light sheet through the specimen and by displacing the detection lens accordingly. In multi-view imaging, the same volume inside the

specimen or even the entire specimen is recorded along several angles. The resulting multi-view information can be combined into a single image

stack by data post-processing using a fusion algorithm.
everywhere in the specimen [15]. The three-dimensional

resolution of confocal fluorescence microscopes is achieved

by discriminating against the light that is emitted outside

the focal plane. By contrast, LSFM provides optical sec-

tioning directly: Fluorophores are only excited in the

illuminated plane and thus photo-bleaching and other

photo-induced damages are completely avoided outside

the thin volume of interest. Thereby, LSFM greatly

reduces photo-toxic effects [16], which actually cause

problems in all experiments that rely on imaging. This

circumstance gives LSFM a decisive advantage in the fast

imaging of sensitive biological specimens as well as in in
vivo imaging over long periods of time [4,16,17,18�,19�].

In DSLM, a ‘light sheet’ is generated with a laser scanner

that rapidly moves a mm-thin beam of laser light vertically

through the specimen [4]. The specimen is positioned in

front of the second lens, the lens for fluorescence detec-

tion (Figure 2), and typically embedded in an aqueous gel

[2] or in a transparent plastic compartment [20]. Owing to

the scanning approach, each line in the specimen is

illuminated with the same intensity, which turns DSLM

into an excellent tool for the quantitative analysis of large

specimens in their entirety (Figure 3). DSLM further-

more uses an illumination lens with a low numerical

aperture (NA) – considerably lower than the NA of the
www.sciencedirect.com
detection lens, which results in a good penetration depth.

A further increase in information content can be obtained

by imaging the same specimen along multiple different

directions. Thereby, parts of the specimen become

visible that would otherwise be hidden or obscured in

the observation along a single direction [3].

Illumination efficiency and optical sectioning
efficiency
In DSLM, the entire laser intensity is focused into a single

diffraction-limited beam of light, which illuminates the in-

focus region of the specimen. In contrast to all other LSFM

implementations, no apertures are required to shape the

intensity profile. The total losses at mirrors and lens

surfaces amount to less than 5% and, therefore, the DSLM

illumination efficiency exceeds 95%. At the same laser

power, the high illumination efficiency of DSLM allows

lower exposure times than in SPIM to obtain the same

number of signal photons. Conversely, the power require-

ments for the DSLM light source are much lower. Cheaper,

simpler, low powered and smaller lasers can be used, that is,

DSLM gives access to a much broader range of lasers.

Confocal fluorescence microscopes perform optical sec-

tioning by discriminating against out-of-focus light with

the detection pinhole. The detection of the signal from a
Current Opinion in Neurobiology 2008, 18:624–632



626 New technologies

Figure 2

Digital Scanned Laser Light Sheet Fluorescence Microscopy. Schematic illustration of DSLM, including the laser light source (1), the laser scanner (2),

the illumination arm (3), the temperature-controlled specimen chamber (4) and two wide-field fluorescence detection arms with independently

operated cameras (5).
single plane requires the entire sample to be illuminated.

Fluorescence light that is emitted from out-of-focus

regions (the majority of the signal) is simply blocked

by the detection pinhole. Depending on the imaging

depth within the sample, the confocal fluorescence micro-

scope’s illumination/sectioning efficiency is relatively

low. Two-photon fluorescence microscopes are more

efficient than confocal fluorescence microscopes, since

a selection criterion is introduced by the probability

density function of the two-photon excitation process

[21]: only the specimen’s fluorophores close to the focal

region are excited (Table 1).

Energy load and photo-bleaching/photo-
toxicity
Since DSLM performs one-dimensional scanning, the

time that is available for the light exposure of a single

pixel in the image is several orders of magnitude longer

than in confocal and two-photon fluorescence micro-

scopes, which employ two-dimensional scanning. In

high-speed imaging with DSLM (15 fps at 2048 pix-

els � 2048 pixels per frame), each camera pixel is typi-

cally exposed for approximately 500 ms [4]. By contrast,

confocal and two-photon fluorescence microscopes allow

pixel dwell times of not more than 5 ms when operating in

a regime of reasonably high recording speed (not less than
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1 fps at 512 pixels � 512 pixels per frame). Therefore,

DSLM accommodates at least a factor 100 less laser

power in the illumination process compared to confocal

and two-photon fluorescence microscopes.

Another distinct advantage of DSLM (and of LSFM in

general) is that only the observed plane is actually illu-

minated. This advantage can be expressed as a reduction

in energy load by a factor n, which is the total thickness of

the recorded image stack divided by the light sheet

thickness. Since confocal and conventional fluorescence

microscopes illuminate the entire specimen when record-

ing single planes, the energy load and photo-bleaching

rates are at least by a factor of n higher than in DSLM.

This factor is usually even larger, since confocal fluor-

escence microscopes often operate in non-linear photo-

bleaching regimes, owing to the high laser power, and rely

on fluorescence detection by photomultipliers, which are

by a factor of �4–6 less efficient than CCD cameras [15].

A quantitative comparison of photo-toxicity in two-

photon microscopy is complicated by the fact that differ-

ent wavelengths are employed in the illumination process

(e.g. 488 nm and 930 nm respectively, in GFP excitation),

and thus qualitatively different biological effects are

expected. The quantitative electro-magnetic energy load,
www.sciencedirect.com
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Figure 3

Maximum-intensity-projected DSLM image stacks of a Medaka fish embryo with acetylated tubulin immuno-staining, marking the fish’s nervous

system. Images shown in (b) and (c) were deconvolved (Lucy-Richardson algorithm, ten iterations). Detection lens: Zeiss Plan-Neofluar 2.5�/0.075 (a),

Zeiss Plan-Apochromat 20�/1.0 W (b/c). Green/blue look-up-table. Scale: 500 mm (a), 100 mm (b), 20 mm (c). The recordings were performed in

collaboration with Annette Schmidt and Lazaro Centanin (EMBL, Wittbrodt Group).
however, can be precisely determined. The limitations

discussed above for confocal fluorescence microscopy –
photon-flux through the entire specimen and reduced

detection efficiency due to photomultipliers – also apply

to two-photon microscopy. In addition, two-photon fluor-

escence microscopes require short, high-energy light
www.sciencedirect.com
pulses in the illumination process owing to the low two-

photon excitation cross section and, therefore, operate in a

non-linear photo-bleaching regime. Previous measure-

ments in the context of live zebrafish imaging revealed

an energy load approximately six orders of magnitude

higher when compared with DSLM [4] (Table 1).
Current Opinion in Neurobiology 2008, 18:624–632
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Finally, it should be noted that DSLM applies the same

energy load to the specimen as non-scanning LSFMs.

The peak illumination power is typically �10–100 times

higher (for a specimen size of 50–500 mm), but even at the

upper end of this range, DSLM still operates in a linear

photo-bleaching regime [4]. Therefore, photo-bleaching

rates in DSLM and non-scanning LSFMs are identical.

Spatial resolution
The lateral and axial extents of the point spread functions

of DSLM and confocal and two-photon fluorescence

microscopes are defined by the wavelengths of the exci-

tation/emission light, the numerical apertures of the

lenses and, of course, by the signal-to-noise ratio in the

image. Since the same lenses can be used, the advantage

of one technique over another with respect to the lateral

resolution in the recorded data is minor. The lateral

resolution in DSLM and in a conventional fluorescence

microscopy is identical. The confocal fluorescence micro-

scope will perform 1=
ffiffiffi

2
p

better and the two-photon

fluorescence microscope will perform
ffiffiffi

2
p

worse, that is,

the latter will also perform worse than a conventional

fluorescence microscope [22] (Table 1). Unfortunately,

the confocal fluorescence microscope cannot take

advantage of the improved lateral performance, since it

generally does not provide a sufficient signal-to-noise-

ratio [23].

The situation is different for the axial extent of the point

spread function. DSLM performs optical sectioning with

a diffraction-limited illumination profile and provides

multi-view capability, that is, the option to record

multiple datasets of a specimen along different direc-

tions. In single-view experiments with lenses of low

numerical apertures, the axial extent of the DSLM point

spread function is mainly determined by the thickness

of the illumination profile. In multi-view experiments,

the axial resolution can be improved by fusing the

information obtained along different recording angles

[3]. For some specimens, the fusion of a few angles

already leads to an almost isotropic three-dimensional

resolution, that is, the low axial resolution becomes

equal to the considerably better lateral resolution [3]

(Table 1).

It has been shown that LSFM outperforms confocal and

two-photon fluorescence microscopy for the entire range

of detection NAs in multi-view experiments [24]. In

single-view experiments and for numerical apertures

up to about 0.6–0.8 (depending on the field-of-view of

the LSFM camera), LSFM provides an at least 50%

better axial extent of the point spread function. At higher

numerical apertures, LSFM still outperforms two-photon

microscopes, while confocal fluorescence microscopes

perform better than LSFM with numerical apertures

above 0.6–0.8 (depending on the field-of-view of the

LSFM camera) [24].
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It is also important to note that the high signal-to-noise

ratio in LSFM (see below) renders LSFM images particu-

larly amenable to image deconvolution, providing a

further increase in lateral and axial resolution [25].

Signal-to-noise ratio and image quality
DSLM features camera-based detection and thereby

benefits from the high dynamic range of CCDs and other

semi-conductor based cameras. The DSLM detection

system provides images with a signal of up to 10 000 grey

levels above the background and a standard deviation of

�2–3 grey levels in the background. Therefore, the

signal-to-noise ratio is typically �1000:1. At high imaging

speeds, confocal fluorescence microscopes provide

images with a signal-to-noise ratio of maximally �60:1,

while two-photon fluorescence microscopes operate in

the regime �10:1 (Table 1). One advantage of the high

dynamic range in DSLM is the possibility to perform

image deconvolution to increase the resolution [25]. More

importantly, the high dynamic range is very helpful in

time-lapse imaging of vertebrate development: For

example, in experiments with nuclei-labelled zebrafish

embryos, the high dynamic range facilitates a precise

quantification of changes in nuclear intensity levels. This

information yields the level of DNA compaction and

thereby reveals the cell cycle state, without a need for

additional markers [4].

DSLM provides two additional distinct features that

further improve image quality: a lack of beam-shaping

apertures in the DSLM illumination system, which

reduces optical aberrations and an intrinsic capability

of structured illumination, which allows to enhance the

imaging contrast deep inside highly light-scattering speci-

mens, such as large embryos [26].

Imaging speed
Currently, our implementation of DSLM provides a

recording speed of 15 frames per second at an image size

of 4.2 Mpixels (�63 million pixels per second). DSLM

accommodates such high speeds through the use of CCD

cameras. Owing to one-dimensional scanning of the spe-

cimen, the camera-based DSLM detection system col-

lects intensity data in parallel for �6–8 entire lines on the

camera chip, constituting �16 000 pixels of the final

image. The parallelized data acquisition provides DSLM

with a dramatic speed advantage over confocal and two-

photon fluorescence microscopes, which employ two-

dimensional scanning of the specimen, that is, record

fluorescence data pixel per pixel (Table 1). Line-scanning

implementations of confocal fluorescence microscopes

(such as the Carl Zeiss LSM 5 live, the fastest commercial

confocal fluorescence microscope to date, which reaches a

speed of 31 million pixels per second) suffer from a severe

decrease in image quality and contrast. Each sample

provides a limited photon ‘budget’, and therefore, faster

scanning will also inevitably lead to an accordingly
www.sciencedirect.com
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Table 1

Performance comparison of three-dimensional fluorescence microscopy in the context of long-term in vivo imaging of entire embryos.

DSLM Confocal Two-photon

Sectioning efficiencya In-focus plane Entire specimen In-focus plane + surface contribution

Energy loadb E �103�E �106�E
Lateral resolutionc r r=

ffiffiffi

2
p

r �
ffiffiffi

2
p

Axial resolutiond ++ (equiv. to lat. res. in multi-view) + �
Imaging speede 63 Mpixel/s 2–6 Mpixel/s 1 Mpixel/s

Signal-to-noise ratiof 1000:1 60:1 10:1

Cost efficiencyg �50k s >100k s >200k s

(++) good performance, (+) medium performance, (�) low performance.
a Efficiency in using illumination light exclusively for fluorescence excitation in the focal plane of the detection lens, the surface contribution in two-

photon microscopy depends on the laser power/depth in the specimen.
b Relative factors depend on total embryo size; factors were measured for nuclei-labelled zebrafish embryos [4].
c Not considering image deconvolution; with image deconvolution the DSLM lateral resolution becomes theoretically equal to the lateral resolution of

a confocal microscope.
d Considering DSLM multi-view capability, exact values depend on the choice of objective.
e Only considering implementations that are suitable for long-term imaging, that is, no line-scanning confocal microscopes; also it should be noted

that confocal imaging with resonant scanners reaches a speed of about 6 Megapixel/s (Mpixel/s) but is unsuitable for imaging of entire embryos at

high spatial resolution, owing to the reduced field size.
f Average performance at maximum imaging speed.
g Considering costs for additional optical components in confocal and two-photon microscopes as well as the costs for high-performance lasers (in

particular for two-photon microscopes).
increased photo-bleaching rate. Thus, line-scanning or

resonant scanner confocal microscopy implementations

are particularly unsuited for long-term high-speed ima-

ging due to the extremely high photo-bleaching rates.

As in DSLM, spinning-disk confocal fluorescence micro-

scopes are able to take advantage of the high imaging

speed and high quantum efficiency provided by CCD

cameras. Unlike in DSLM, however, the high imaging

speed in the spinning-disk confocal comes at the expense

of the signal-to-noise ratio and is furthermore accom-

panied by imaging artefacts due to light scattering and

the loss of incoherence arising from the simultaneous use

of multiple pinholes.

DSLM also provides an intrinsic imaging speed

advantage over non-scanning LSFMs: The two-axis laser

scanner in DSLM allows to create as well as to displace

the illumination light sheet within approximately one

millisecond. Therefore, a specimen can simply be kept

at a fixed position, while 3D imaging is performed by

rapidly moving the light sheet through the specimen and

simultaneously displacing the piezo-mounted detection

objective. In this manner, the time-consuming accelera-

tion/deceleration cycles of specimen positioning stages

are completely avoided and high-speed 3D imaging can

be performed even with the most fragile specimens.

Cost efficiency
Our design of DSLM is optimized with respect to the

number of components and optical interfaces in the

illumination system. Taking into account the number

of degrees of freedom that are required to operate the

elements in our instrument we are probably at most two
www.sciencedirect.com
elements short of using the minimal number of optical

parts. In this sense, DSLM provides an almost optimal

solution. Furthermore, care was taken to ensure a very

compact implementation. The microscope currently has a

footprint of 0.3 m2 on the optical table (excluding the

light source) and comes at a total price tag of 80 000 s,

excluding the development of software and customized

electronics. Using a single camera and reducing the

amount of optional optical components, a DSLM can

be built for as little as 50 000 s (Table 1).

Applications and limitations
We have evaluated the performance of light sheet-based

microscopy in a wide range of applications: from high-

resolution in vitro recordings of dynamic microtubules in

single microtubule asters [16,18�,20] to the fast in vivo
imaging of entire vertebrate embryos [4]. Our experience

leads us to suggest that light sheet-based imaging

approaches address the challenges encountered in the

fast three-dimensional imaging of live specimens in the

size range of �10 mm up to a few millimetres better than

confocal and wide-field fluorescence microscopy. Often,

the low levels of photo-bleaching and long imaging

periods are desired or imperative. Importantly, a DSLM

or SPIM can be used both for imaging tiny structures, for

example, the filaments in the cytoskeleton of a single cell,

at a resolution down to 300 nm, as well as for capturing the

developmental dynamics of entire embryos comprising

tens of thousands of cells.

Thin samples with only a few cell layers or thin tissue

slices can be very well studied with confocal fluorescence

microscopes, provided that only moderate imaging speeds

are required. However, in all of our applications, DSLM
Current Opinion in Neurobiology 2008, 18:624–632
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and SPIM clearly outperformed confocal fluorescence

microscopes with respect to signal-to-noise ratio, resol-

ution, imaging speed and photo-bleaching.

Of course, there are also limitations to our approach.

These are encountered when light scattering or loss of

incoherence become dominant effects. Such limitations

are not specific to DSLM and SPIM but rather charac-

terize all fluorescence light microscopes. In particular

recordings of very large multi-cellular specimens beyond

a few millimetres in size as well as highly light-scattering

specimens with many light-refracting interfaces typically

exhibit a significant decrease in visibility with increasing

imaging depth into the specimen. Moreover, shadowing

effects occur when parts of the illuminating light sheet are

attenuated by particle aggregates obstructing the light

path. These shadowing effects can be largely compen-

sated for by two-sided illumination implementations, as

has been successfully demonstrated in the context of

SPIM [27�].

Another powerful imaging technique that provides comp-

lementary data for very large specimens is mMRI [28]. It
Figure 4

Advanced implementations of DSLM. Schematics of the standard DSLM im

(b), bi-directional illumination (c) and a combination of both (d).
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should be noted, however, that mMRI cannot directly

take advantage of fluorescent dyes and proteins, which

form the basis of the most commonly applied imaging

assays.

Differences in light sheet-based microscope
implementations
First of all there are several qualitative features, which are

common to all light sheet-based microscopes. These are a

high imaging speed and a high signal-to-noise ratio (due

to the use of CCD cameras) as well as a low photo-

bleaching rate and a low energy load on the specimen

(due to the use of a light sheet for optical sectioning).

However, there are also several quantitative differences

as well as differences in functionality. DSLM, as com-

pared with SPIM, Ultramicroscopy and OCPI, relies only

on high-quality optical components—in particular, it uses

neither a low-quality cylindrical lens nor beam-shaping

apertures to generate the light sheet. The optical com-

ponents of DSLM, that is, the lenses, mirrors and the laser

scanner, are essentially the same as those used in a

commercial confocal fluorescence microscope and hence
plementation (a), as well as extended versions with two-sided detection

www.sciencedirect.com
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provide a very high quality of the illumination laser beam.

A SPIM, for example, loses a large fraction of illumination

laser light at the beam-shaping apertures (up to �95%),

which are necessary to define both the height and the

thickness of the light sheet.

Furthermore, DSLM provides several advantages and

features due to the scanning approach [4]. First, DSLM

excels at quantitative imaging, since every line is illumi-

nated with exactly the same laser energy. Second, DSLM

provides an intrinsic capability of structured illumination

in a very flexible and high-quality manner, since the laser

intensity can be digitally modulated during the scan

process. Third, even very large specimens can be imaged

in their entirety (Figure 4a), since the size of the scanned

light sheet is essentially only limited by the angular scan

range of the laser scanner. Fourth, the specimen does not

have to be moved for three-dimensional imaging, since

the light sheet can be scanned through the specimen

instead.

Importantly, the DSLM scanning approach does not

introduce disadvantages. Although the laser power is

higher than in non-scanning implementations, the rate

of photo-bleaching is identical, since (a) DSLM operates

in a linear photo-bleaching regime and (b) the integrated

amount of illumination light energy used to obtain images

of the same brightness is the same [4].

Conclusions
We conclude that DSLM is particularly well suited to

address the issues encountered in in vivo imaging of

large multi-cellular organisms. Further improvement of

the technology is possible, for example, by upscaling

and parallelizing the laser illumination and fluorescence

detection process (Figure 4). An extension of our cur-

rent implementation to a two-sided specimen illumina-

tion is straightforward (Figure 4c). Such an extension

has been very successfully applied in SPIM and allows

for increased illumination homogeneity of large speci-

mens that exhibit low transparency and unfavourable

light-scattering properties [19�,27�]. Likewise, the

detection system can be extended by using two cameras

with opposing views of the specimen (Figure 4b).

Such an implementation provides intrinsic multi-view

capability and decreases the recording time required

for collecting the fluorescent signal from different

directions. A combination of these ideas yields a

particularly powerful extension of DSLM: bi-direc-

tional line-scanning illumination and two-sided detec-

tion (Figure 4d).

Such technical advancements could furthermore be com-

plemented by the development of fluorescent markers—

for example, infrared dyes and fluorescent proteins, which

aim at an optimization of the optical penetration depth

into the specimen.
www.sciencedirect.com
The range of future applications of DSLM may also be

extended by further development of the computational

toolkit involved in image processing and data analysis.

Given that DSLM currently provides a recording speed of

up to 120 Mb per second or 10 Terabytes per day, high-

performing solutions for data handling in automated high-

throughput imaging are crucial. The optical instrumenta-

tion must therefore be supported by an adequate com-

putational backbone [4].
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