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Abstract: Optical sectioning is instrumental for the observation of extended biological samples.
It allows the observation of only a slice of the sample while rejecting contributions from out
of focus depths. The acquisition of the whole volume then requires an axial displacement of
the sample or the focus. To satisfy Nyquist sampling, this axial displacement has to be equal to
half the axial resolution. As lateral and axial resolutions are coupled by the numerical aperture
of the microscope objective in most imaging techniques, high-resolution imaging of a volume
is a time-consuming task, especially caused by the slow axial scanning. Here, we propose to
adapt the axial resolution, or axial extent of the coherence volume, by filtering the spectrum of
the illumination of an interferometric imaging technique. We applied our approach on full-field
optical coherence tomography and show a tuning of this axial extent from 1.5 to 15 µm, allowing
to adapt both the acquisition time and the amount of data. We finally demonstrate that the method
is especially suited to image large biological samples such as millimetric engineered tissues.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Investigating biomedical engineering questions often requires to observe living specimens
over large scales (>1 mm) with a spatial resolution good enough to resolve structures of the
order of a micron or even smaller. With its exquisite spatial resolution and relatively low
invasiveness, optical microscopy holds a central place in biology and biophysics. The microscope
objective (MO) of an optical microscope is considered as the key part as it ultimately dictates the
performances of the apparatus such as the magnification of the system, the amount of collected
light, the transverse spatial resolution, the field of view (FOV) [1]. For a given MO, these
properties are constant and this choice thus critically depends on the specimen or the experiment.
For instance, low numerical aperture (NA) objectives usually provide a large FOV and a large
depth of field but it comes with a moderate spatial resolution. Alternatively, high NA objectives
provide better spatial resolution but at the cost of reduced FOV and depth of field. Thanks to
recent progress, some objectives now combine both high NA and large FOV but their price could
be prohibiting, especially at building home-made set-ups.

In the last few years, efforts put on the production of more versatile imaging techniques notably
with decoupled lateral and axial resolutions or depth of field. Extending the depth of field while
keeping a fine transverse spatial resolution is particularly desirable to quickly scan a volumetric
sample or to detect fast and sparse events such as calcium activity in brain imaging [2]. Among
numerous approaches, several methods proposed to extend axially the illumination beam with
point spread function engineering [3], to refocus the detected light with a deformable mirror [4]
or to detect signal from multiple depths either spatially [5]or temporally [6].

In this context, we propose here a simple solution to adapt the axial resolution of full-field
optical coherence tomography (FF-OCT). By using spectral filters in the illumination path of the
apparatus, we show that our technique enables to instantaneously tune the axial extent of the
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coherence volume from 1.5 to 15 µm. This allows to image a volumetric specimen quickly with
a moderate axial resolution or to image it in details but at the cost of an increased acquisition
time and amount of data.

2. Principle and experimental setup

2.1. Axial and lateral resolution in FF-OCT

Optical Coherence Tomography (OCT) is a label-free and three-dimensional imaging technique
whose optical contrast relies on the interference between the light back-scattered by a specimen
and the light reflected by a mirror in the reference arm (see Fig. 1(c)) [7]. Thanks to its low
photo-damage and optical sectioning capabilities, OCT is particularly useful to perform in-depth
imaging of biological specimens such as the eye [8,9], the skin [10,11] or more recently engineered
tissues [12–14]. In its most-widespread configuration, spectral-domain OCT, a low-NA MO is
used to provide a large depth of field for a single pixel acquisition (A-scan). Yet, this extended
depth of field also results in a poor lateral resolution, typically around 5 µm. Alternatively,
the full-field configuration, denoted FF-OCT, acquires directly a 2D image corresponding to a
specific depth (C-scan) [15]. This technique combines the low temporal and spatial coherence of
a source to reject the out-of-focus contributions and to achieve crosstalk rejection respectively.
This makes it compatible with higher NA objectives and ensures typically a sub-micron lateral
resolution which is a clear advantage compared to the spectral-domain version.

Fig. 1. Principle of tuning the coherence volume in FF-OCT using spectral filtering. (a) In
OCT, the axial resolution δz is inversely proportional to the spectral bandwidth δλ of the
illumination source. (b) Reducing the spectral bandwidth of the illumination source extend
the axial extent of the coherence volume. (c) Optical setup. A filter wheel containing filter
with various spectral bandwidth is inserted in the illumination path of a conventional FF-OCT
apparatus. MO, microscope objective; BS, beam splitter; M, mirror; PZT, piezoelectric
transducer; LED, light emitting diode.

For the vast majority of imaging techniques, axial and lateral resolutions are intimately
coupled and only depends on the light wavelength and the NA of the MO. Because OCT is
an interferometric imaging technique this coupling is released here, and the axial resolution is
directly given by the coherence length of the source. Indeed, if the optical path length between the
two arms is larger than this physical value, the interferences disappear and no signal is obtained.
In practice, the coherence length only depends on the central wavelength λ0 and the bandwidth



Research Article Vol. 4, No. 11 / 15 Nov 2021 / OSA Continuum 2807

∆λ of the illumination source as following:

δz =
2ln(2)
π

λ2
0
∆λ

. (1)

Thus, the axial resolution of a FF-OCT system can be tuned by simply changing the bandwidth
of the illumination source and, importantly, without affecting the lateral resolution.

2.2. FF-OCT system with tunable coherence volume

In this work, we developed a FF-OCT system with an axial resolution that can be adjusted
according to the sample or acquisition time requirements. In practice, a filter wheel is inserted in
the illumination path of a home-made FF-OCT system (see Ref. [13] for more details on the
apparatus). Briefly, a broadband and spatially incoherent light source (M660L4, Thorlabs or
KL1500, Schott) illuminates a Linnik interferometer in a Kohler configuration made of four
lenses and two apertures. Light is separated by a beam splitter (CCM1-BS013, Thorlabs) and
propagates through two identical MO (UMPLFLN 10X, Olympus) placed in the two arms. The
specimen of interest is placed in the focal plane of one of the MO while a silicon mirror is
positioned in the second arm. The latter is supported by a piezoelectric transducer (PZT) which
modulates the optical path difference between the two interferometric arms. Light reflected in the
two arms is then collected by the same MO, focused by a tube lens (AC508-400-A-ML, Thorlabs)
and imaged by a CMOS camera (MV1-D1024E-160-CL-12, PhotonFocus). By combining two
light sources and 2 different spectral filters in the filter wheel, our system provides four different
spectral configurations :

(1) Halogen source without any filter (∆λ=100 nm)
(2) LED without any filter (∆λ=17 nm)
(3) LED with a 10 nm bandpass filter (∆λ=10 nm)
(4) LED with a 3 nm bandpass filter (∆λ=3 nm).

3. Results

3.1. Experimental validation of the tunable coherence volume

For each configuration, we estimated the optical performances of the system. Firstly, we
investigated the axial resolution by measuring the full width at half maximum (FWHM) of
the interferometric signal amplitude with a silicon mirror in both the sample and reference
arm (Fig. 2(a-d)). As expected and predicted by Eq. (1), a decrease of the bandwidth of the
illumination leads to an increase of the axial resolution. In practice, we measure δz = 1.5, 4, 10
and 15 µm for the four configurations respectively indicating that the axial resolution can be
tuned over an order of magnitude.

To further demonstrate the effect of the spectral filtering on the coherence volume, we replaced
the reference mirror in the sample arm by a sample made of 1 µm beads sparsely dispersed in an
agarose gel. By using the full spectrum of the halogen light, only few beads are visible as the
coherence volume corresponds to a thin slice of only 1.5 µm (see Fig. 2(a)) . When the spectral
bandwidth is reduced, an increased number of beads becomes visible on a single frame as the
thickness of the slice becomes larger. In addition, OCT acquisitions performed with narrower
bandwidths reduce both the data size and the acquisition time. For instance, this reduction factor
can be up to ∼ 10 with the 3 nm filter compared to the full bandwidth configuration. Importantly,
this gain in speed and information does not come with a degradation of the lateral resolution as
this parameter depends only on the central wavelength and the NA of the objective.
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Fig. 2. Effect of the source bandwidth on the axial resolution of a FF-OCT system.(a)
Amplitude of the interferometric signal recorded with a silicon mirror in both arms as a
function of the optical path difference for ∆λ=100, 17, 10 and 3 nm respectively. The
resulting axial resolution ranges from 1.5 to 15 µm. (b-d) FF-OCT images obtained with
the four same spectral configurations for 1 µm beads embedded in agarose, a vesseloid and
endothelial tubes grown in a gelatin matrix. As highlighted by the arrows, the increase of
the coherence volume provides more structures of the specimen but the contrast is reduced.
Scale bar, 100 µm.
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3.2. Demonstration with continuous volumetric specimens : biological engineered
tissues

After characterizing the performances of the system in the previous section, we now demonstrate
the benefits of our approach by imaging volumetric and complex biological specimens.

We first applied our technique to image a vesseloid (i.e. engineered blood vessel) made of
smooth muscle cells and endothelial cells lining on the inner side of an alginate sheath and
of about 200 µm in diameter. These samples are of particular interest in the perspective of
engineering vascularized tissues [16]. Here, one needs to visualize if this vesseloid obtained by
encapsulating a suspension of two types of cells spontaneously forms a lumen, i.e a hollow tubular
cell assembly that may be further used to conduct blood diffusing molecules and circulating
cells. Figure 2(c) displays the images obtained with the four different spectral configurations.
Whereas these images are taken at the same depth (z=80 µm), striking differences are visible.
With a quasi-isotropic resolution, the broadest spectral bandwidth yields the sharpest, or most
contrasted image. The image reveals fine details such as variations of the thickness of the cellular
sheet or even the presence of a gap between the two cell population layers. One can note that
the dark bands flanking the bright cell signal represent the alginate sheath that is not producing
much of signal, whereas the surrounding grey areas correspond to the overall agarose embedding.
When the spectral bandwidth of the source is reduced, signal from a larger axial slice is obtained.
The vessel wall now appears larger and the contrast is decreased as the image captured an axial
projection of structures over a larger slice. For example, the cavity in the tube wall is no longer
visible in the 3 nm bandwidth configuration (see blue arrows in Fig. 2(c)). Of course, the extended
coherence volume also bears some advantages as more structures are visible on a single image
when the bandwidth is reduced. In particular, we notice more supernumerary cells inside the
lumen itself as the coherence volume increases (see red arrows in Fig. 2(c)).

Secondly, the same experimental procedure was applied to a sample made of endothelial micro-
vessels. These hollow tubular structures of a few microns-width result from the spontaneous
self-organisation of endothelial cells when embedded in a gel that mimics the extra-cellular
matrix (GelMA ). Such a vascularised gel is of particular interest in the field of tissue engineering
as a supporting material to vascularise organoids. This micro-vessels’ network, coupled to the
vesseloid would provide nutrients to the organoids’ core cells. From Fig. 2(d), we observe
extending the coherence volume allows to reveal biological structures that are further away
the focal plane. Thin vessels from different depths gradually appear as the axial resolution is
extended (see orange arrows on Fig. 2(d)). However, this detection of more structures within the
sample is accompanied with a reduced contrast. For instance, the lumen of an endothelial tube
that is clearly visible with the first spectral configuration disappears when the axial resolution is
extended (see green arrows on Fig. 2(d)).

3.3. Stack acquisition

In the previous section, we focused on the effect of the spectral filtering of the illumination source
for a single image acquisition. We are now exploring the potential benefits of our technique
for the volumetric imaging of a millimeter-scale biological specimen. Here, the specimen of
interest is a long vesseloid. The microfluidic process by which the vesseloid is produced allows
the extrusion of meter-long tubes [16]. Here, a section of a few centimetres has been wound and
embedded in agarose. The inspection of such a structure requires the acquisition of a z-stack that
extends over millimeters axially. This results in a time-consuming acquisition and, concomitantly,
a large amount of data. In this section, we propose to compare the results obtained with the
broader (∆λ=100 nm) and narrower (∆λ=3 nm) spectral bandwidth configuration with respect to
these acquisition parameters.

Acquisition with the narrower spectral bandwidth was first performed. With approximately
15.4 µm axial resolution, a 8 µm axial step is chosen to comply with Nyquist sampling. The
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z-stack consists in the acquisition of 200 images spanning 1.6 millimeters. As seen on Fig. 3(a-e),
parts of the vesseloid are visible at 5 different depths. Even if the contrast drops as image
acquisition goes deeper, the lumen and supernumerary cells inside are still visible. These features
are crucial for the characterization of the specimen.

Fig. 3. Performances of the tunable coherence volume method for large volumetric
acquisition.(a) Cross section of OCT images acquired with the narrow spectral configuration
(∆λ= 3 nm). (b) En face OCT images obtained with the same spectral configuration at five
different depths indicated with the red bars in (a). Scale bar, 100 µm. (c) Cross section of
the OCT images acquired with the broad spectral configuration (∆λ= 100 nm). Scale bar,
200 µm. (d) En face OCT images obtained with the broad spectral configuration at five
different depths indicated with the red bars in (a).

Secondly, a z-stack was acquired with the broader spectral bandwidth. A 1 µm axial step is
chosen to approximately pair with the 1.5 µm axial resolution. 1600 images are thus acquired to
span the same 1.6 millimeters axial range. As seen on Fig. 3(f-j), the same structures are visible
but with a sharper contrast. Yet, compared to the previous configuration, the acquisition time is
here 8 times longer (460 minutes compared to 30 minutes) and the amount data is also 8 times
larger.

From these results, it appears that the first regime is suitable to quickly identify the regions
of interest of an extended sample and to provide qualitative information. The second regime
can then be used afterwhile for a precise and a qualitative characterization of a subregion of the
sample, spotted thanks to the rapid low-res scan, to futher examinate the cellular disposition
within the cell layers.

4. Discussion

In this work we proposed a simple approach to adapt the coherence volume of a FF-OCT system
by simply filtering the bandwidth of the illumination source. Our method allows to quickly
change the axial resolution from 1.5 to 15 µm without generating detrimental effects on the
lateral resolution. Yet, the present configuration has also some limitations.

Firstly, our technique only offers a discrete set of values for the axial resolution corresponding
to the spectral filters inserted in the illumination path. Continuous tuning of this parameter could
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be useful but this requires the use of spectral shapers that will increase the complexity and the
cost of the system.

Secondly, filtering the illumination source has obviously a strong impact on the illumination
power. If a fraction of the bandwidth is transmitted, a fraction of the source power is also sent to
the imaging system. One could think that current LEDs are powerful enough to keep constant
the illumination power for the various configurations by adjusting the power emitted by the LED.
In practice, we applied a power in the focal plane of each MO equal to 700 µW for the first three
configurations. Yet, if the desired bandwidth is too narrow, typically below 2–3 nm, even the
brightest LEDs may not be sufficient. In our case, by using the LED at its maximum output power,
we measured the power in the focal plane equal to only 600 µW in the last configuration due to
the narrow bandwidth. This amount is still comparable with the illumination power measured for
the others configurations. If we want to further reduce the bandwidth, the axial resolution of the
system will no longer be limited by the coherence length of the source but rather by the depth of
field of the MO itself. It means that our approach better suits system with low or moderate NA
such as the one used in this study (NA=0.3).

Finally, increasing the axial extent of the coherence volume of a system is particularly
appropriate for semi-transparent and sparse specimens. For instance, large axial resolution is
interesting for brain calcium imaging as the neurons are distributed over large scales, relatively
sparse and the probability to have 2 neurons on top on each other inside the coherence volume is
relatively small [4,17]. In the case of label-free continuous samples such as the ones studied in this
work, the increase of the spatial information also comes with a decrease of the optical sectioning
capabilities and the contrast as contributions from different depths sum up and lower the quality of
the image. From this, we believe our technique is of interest for two main applications. The first
application is the observation of non-labelled sparse and moving samples, for instance monitoring
the circulation of red blood cells inside a vascular network or the motion of a population of small
organism such as artemia (Artemia salina). Secondly and most importantly, we are convinced that
the main potential of our approach is to perform fast pre-scan before a thorough characterization.
By increasing the axial extent of the coherence volume, a z-stack containing few frames with
a moderate axial resolution is sufficient to target and delineate the regions of interest. In the
case of the vesseloid studied in section 3.3, the acquisition with the narrow bandwidth contains
sufficient information to detect the five different axial positions of the specimen. Then, a second
acquisition with the broader spectral configuration and fine axial step could be performed only at
these selected depths. This hybrid imaging method would provide a gain both in acquisition time
and in the amount of data without information loss on the sample.

5. Conclusion

In this work, we proposed a simple approach to control and adjust the coherence volume of a
FF-OCT system independently of the lateral resolution. With a simple set of spectral filters
inserted in the illumination path, the axial resolution can be tuned between 1.5 and 15 µm. In
the large axial resolution regime, this allows to extend the coherence volume of the imaging
technique which could be useful to track fast three-dimensional events or to quickly probe an
extended specimen. In the broader spectral configuration, the low axial resolution mode can then
be used to image the fine details with high contrast of an extended specimen.
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