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Dynamic full-field optical coherence tomography
(DFFOCT) has recently emerged as an invaluable label-free
microscopy technique, owing to its sensitivity to cell activity,
as well as speed and sectioning ability. However, the quality
of DFFOCT images is often degraded due to phase noise and
fringe artifacts. In this work, we present a new implemen-
tation, to the best of our knowledge, named rolling-phase
(RP) DFFOCT, in which the reference arm is slowly scanned
over magnitudes exceeding 2π. We demonstrate mathemati-
cally and experimentally that it shows superior image quality
while enabling to extract both static and dynamic contrast
simultaneously. We showcase RP-DFFOCT on a macaque
retinal explant and demonstrate its ability to better resolve
subcellular structures, including intranuclear activity.
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Full-field optical coherence tomography (FFOCT) [1,2] is a
specific configuration of time-domain OCT [3,4], particularly
adapted to high-resolution imaging. It captures the 3D distribu-
tion of backscattering structures in complex samples with a
resolution on the order of 1 µm in all dimensions. More recently,
dynamic OCT [5–7] and dynamic FFOCT [8,9] have been intro-
duced, which use the temporal quantification of interferometric
signal fluctuations to reveal active structures in dense environ-
ments. In particular, dynamic (FF-) OCT can reveal single living
cells inside biological structures, thanks to phase fluctuations
associated with the active transport of cell organelles [6–8,10].
Dynamic OCT contrast has been shown to relate to metabolic
cell activity [8] and to be cell specific [11,12] since organelle
transport is a deeply regulated and controlled mechanism at
the core of cell physiology [13]. This dynamic contrast can
therefore be used as a hallmark for various diseases impact-
ing local cell activity [14–17]. Multiple implementations of
dynamic OCT have been described [7], among which dynamic
FFOCT (DFFOCT) shows the highest resolution and versatil-
ity to be coupled to other imaging modalities [12,18] although
axial information cannot be accessed rapidly [4]. Most dynamic
OCT implementations rely on calculating metrics that reveal
the local strength of OCT signal fluctuations [6–8]. While in
the general case, such fluctuations can originate either from

intensity or phase changes, OCT is typically more sensitive
to axial movements by two orders of magnitude compared to
transverse displacements [4]. Most previous implementations
of dynamic OCT solely relied on natural phase changes aris-
ing from the sample without external additional modulation
[5,6,8]. Moreover, in FFOCT, it is common to acquire a static
and a dynamic image separately. While the static image requires
external phase modulation, DFFOCT is operated at fixed opti-
cal path length. Nevertheless, as we will show in this Letter,
this approach increases acquisition time, introduces a bias and
local phase noise when the phase fluctuation amplitude is small,
and makes dynamic OCT sensitive to fringe artifacts and to
strong reflectors. Due to the non-linearity of the cosine in the
interference term, the same phase fluctuation can result in dif-
ferent intensity fluctuations for different initial phase. Since the
phase map in a complex sample is a random map, it creates
local noise even at constant reflectivity and phase fluctuation.
While schemes to separate the amplitude and phase of the inter-
ferometric signal exist, they introduce noise, in particular due
to the incoherent nature of light [19], are slower, and produce
lower quality dynamic OCT images in practice. Recently, active
phase modulation-assisted DFFOCT suggested that higher qual-
ity dynamic signal could be obtained by adding an external
small-amplitude sinusoidal phase modulation on the order of
tens of Hertz in the reference arm [20]. Although this allows the
measurement of static and dynamic FFOCT in a single frame,
and the normalization of DFFOCT by the local reflectivity, it
does not compensate for initial phase variations and still cre-
ates noisy images. Additionally, due to the chromatic nature of
the phase shift induced by a mechanical motion of the reference
arm, this approach would likely fail if large spectral bandwidth is
used. In an even more recent Letter, Morawiec et al. demonstrate
dynamic FF-OCM with a high amplitude rapid saw-tooth active
phase modulation to improve the SNR of their images [21]. In
contrast, in this Letter, we describe an alternative implemen-
tation of active phase modulation during DFFOCT by slowly
linearly increasing the phase over the full duration of DFFOCT
acquisition. We will demonstrate that this strategy is optimal
to directly access the distribution of local phase fluctuations,
improve the signal-to-noise ratio (SNR) of DFFOCT images,
remove fringe artifacts, reduce speckle, and reveal new sub-
cellular structures. These improvements are demonstrated on
freshly excised retinal tissue explants.

We will first support this claim by mathematical modeling,
showing that if the linear modulation amplitude is well chosen,
it becomes possible to measure a metric that depends only on
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the local reflectivity and is linearly linked to the average phase
fluctuation amplitude. Let us define Ir, Is, Iinc as the reference,
sample, and incoherent intensities respectively. Each scatterer
is found at an initial depth at t0 corresponding to a phase ϕ0

s ,
different for each scatterer, and has a small phase fluctuation
∆ϕt

s caused by its intracellular movements. In the rolling-phase
regime, we add an additional phase variation by slowly moving
the reference arm: ϕt

r . Ideally, ϕt
r has a total amplitude (from t0 to

tNframes ) larger than π and a time scale slower than ϕ∆t
s . Typically,

ϕr is linearly scanned from 0 to 2π during the full acquisi-
tion (∼Nframes = 512 frames, Ttot = 5.12 s), ϕt=k∆t

s = k(2π/Nframes),
with the integer k corresponding to the kth frame.

To simplify, we do not take the coherence length into account
and only consider the signal within the coherence volume so
that the intensity captured by the camera is written as follows:

It
= Ir + Is + Iinc + 2

√︁
IrIscos(φt

s + φ
0
s + φ

t
r), (1)

with Ir, Is, Iinc being constant. In the rolling phase, we calcu-
late the absolute value of the instantaneous intensity difference,
which we postulate mostly comes from phase variations (as
the scatterers have constant reflectivity, and they do not move
outside their initial pixel position at short time scales):

|∆It
| = 2

√︁
IrIs

|︁|︁|︁|︁cos
(︃
φt+∆t

s + φ0
s

+φt+∆t
r

)︃
− cos

(︃
φt

s + φ
0
s

+φt
r

)︃|︁|︁|︁|︁. (2)

Using trigonometric combinations, we obtain the following:

|∆It
| = 4

√︁
IrIs |sin(φ0

s + φ
t
s + φ

t
r).sin(∆φt

s + ∆φt
r)|, (3)

with φt
r/s =

φt+∆t
r/s +φ

t
r/s

2 and ∆φt
r/s = φt+∆t

r/s − φt
r/s.

Because ∆φt
r is constant and

√
IrIs sin(∆φt

r) is on the order
of the shot noise of FFOCT for most scatterers (since ∆φt

r =
2π

Nframes
∼ 10−2 ≪ 1), and for ∆φt

s typically small (≤0.75 rad for
less than 10% error in the Taylor expansion of sin(x)= x in
x= 0), but larger than ∆φt

r (∆φt
r ≪ ∆φt

s), we can simplify Eq. (3)
to the following:

|∆It
| ≃ 4

√︁
IrIs |sin(φ0

s + φ
t
s + φ

t
r)|.|∆φ

t
s |. (4)

Hence, this metric is linearly proportional to both the scatterer
reflectivity and to the instantaneous phase variation. However,
it still depends on the initial phase φ0

s . In order to remove this
dependency that adds noise to the dynamic images, we want
to average this term out using a time average. It then becomes
clear that forcing a phase modulation so that the average phase
term can explore the full [0 : π] range is critical so that the sinus
term converges toward a constant value. Below, we will discuss
different models of phase modulation and scatterer transport to
show why and to what extent the rolling phase can show better
performance than DFFOCT.

Case 1: Standard DFFOCT φt
r = 0

From Eq. (4) without modulation, |∆I t | strongly depends onφ0
s

for samples where the phase fluctuation ∆φt
s has a low fluctuation

amplitude:
|∆It

| ∼ 4
√︁

IrIs |sin(φ0
s )|.|∆φ

t
s |. (5)

Figure 1 shows that the DFFOCT signal strongly depends on
the initial phase φ0

s (x axis) for phase fluctuations modeled
as a normal random distribution of standard deviation up to
2π × 10−1.5 (therefore below 0.75 rad or equivalently 13 µm s−1,
which is beyond the typical range of organelles in cells [13])
while becoming independent of φ0

s for larger phase fluctuations
sufficient to explore the full phase space.

Fig. 1. Rolling-phase dynamic OCT principle. In contrast to
DFFOCT where the phase is kept constant during acquisition, in
rolling-phase DFFOCT (RP-DFFOCT), the reference arm is moved
in order to slowly increase the phase (panel a). In the presence of
sample-induced small phase fluctuations, the interferometric inten-
sity (Iint) fluctuation strongly depends on the initial phase (0 and π/2
for blue vs red curves—panel b). In contrast, in RP-DFFOCT, the
amplitude of fluctuations becomes independent of the initial phase
in the rolling phase (yellow vs. purple curves) by homogeneously
sampling the full phase space during the acquisition time. Finally,
the normalized average intensity variation is plotted for different
values of initial phase and different amplitudes of random phase
fluctuations in log scale in DFFOCT (panel c) and in RP-DFFOCT
(panel d) with a reference phase modulation of 4π in total.

Case 2: Rolling phase: ∆φt
r = 2π/Nframes ≪ 1

From Eq. (4), although the instantaneous value |∆I t | still
depends on φ0

s , the aim is to calculate the time average of
|∆I t | to average

⟨︂
|sin(φ0

s + φ
t
s + φ

t
s)|

⟩︂
to a constant value. It is

not directly straightforward that this last term and ∆φt
s can be

separated, but this appears valid for the most plausible and rea-
sonable hypotheses underlying intracellular transport [13], as
explicitly explained below. We will discuss below three regimes
of scatterer movements.

In the first regime, φt
s would be driven by the Brownian

motion of scatterers (or random noise). | ∆φt
s | can hence be

described as a normal distribution of average value 0 and
standard deviation σφ .

For such distributions,
⟨︁
| ∆φt

s |
⟩︁
= σφ

√︁
2/π.

Besides, with φt
s having an average value of 0, and φt

r being
scanned between 0 and a multiple of π,

⟨︂
|sin(φ0

s + φ
t
s + φ

t
r)|

⟩︂
converges toward the average of the absolute value of a sine
between 0 and π, which is equal to 2π. Then,⟨︁

|∆It
|
⟩︁
∼ 4

√︁
IrIs.σφ .(2/π)3/2 ∼ 0.51

√︁
IrIs.σφ , (6)

which is independent ofφ0
s for small phase fluctuations, as shown

in Fig. 1(d).
In the second regime, φt

s would be driven by constant direc-
tional transport (over the short time course of the experiment),⟨︁
| ∆φt

s |
⟩︁

is constant, and |∆φt
s | =

|︁|︁|︁ 2π
λ0

2vzs∆t
|︁|︁|︁. As in the Brown-

ian regime, and by simple simulation, it is possible to confirm

that (1/Ttot)
Ttot

∫
0
|sin(φ0

s + φ
t
s + φ

t
r)|dt also converges to about 2/π.

Because of the directional movement, this time integral corre-
sponds to the integral between 0 and a multiple of π plus a
small residual. This small residual depends on φ0

s but its stan-
dard deviation for different values of φ0

s is always below 4% if
the total variation of φr exceeds 2π and is negligible in practice
for small scatterers. This residual becomes more and more neg-
ligible with increasing strength of φr modulation. However, the
instantaneous ∆φt

r should be kept small enough; otherwise, the
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Fig. 2. Comparison of the brightness channels of DFFOCT (blue)
versus RP-DFFOCT (yellow) on a macaque retinal explant. (a) and
(b) show the full DFFOCT and RP-DFFOCT images, respectively.
The retinal region shown in (a)–(b) runs from left to right through
the photoreceptor outer (I) and inner segments (II), outer nuclear
layer (III), outer plexiform layer (IV), inner nuclear layer (V), and
inner plexiform layer (VI). (c)–(j) are zoom-ins on (a)–(b), high-
lighting differences between D-FFOCT (blue, parts (c),(e),(g),(i))
and rolling-phase (orange, parts (d),(f),(h),(j)), respectively. The
scale bar is 18 µm for (a)–(b), 3.5 µm for (c)–(d), 5 µm for (e)–(f),
and 6 µm for (i)–(j).

simplification of Eqs. (3),(4) is no longer valid, and the static
FFOCT image is obtained. In this second regime, the new met-
ric is therefore almost independent of φ0

s in RP-DFFOCT and
becomes the following:⟨︁

|∆It
|
⟩︁
∼

8
π

√︁
IrIs.|∆φt

s | ∼ 0.39
√︁

IrIs.|∆φt
s | . (7)

Finally, in the intermediate and more general regime where scat-
terers have both periods of active transport and periods of the
Brownian motion, which is described by run-and-scatter mod-
els [13], it is not analytically possible to obtain a metric strictly
independent of φ0

s . However, this has to be mitigated as the per-
sistence time of several common molecular motors exceeds the
second time scale, which is the acquisition duration [13]. Hence,
most cases can be described as the first case of the Brownian
motion [13] with a total phase modulation equal to a multiple of
π plus a component depending on the sample active transport.
Therefore, the ideal case would be to roughly matchφr exploring
at least 2π during the persistence time of the molecular motor
of interest, so that each period of time can be decomposed as
a sum of an independent succession of Brownian and directed
transport events described above.

In order to demonstrate experimentally the impact of the
rolling phase in combination with the new metric < |∆I|>,
the brightness channel of DFFOCT [12,22], calculated as the
running standard deviation, is compared to rolling-phase (RP)-
DFFOCT with < |∆I|> (Figs. 2(a)–2(b)). See Visualization 1.

First, fringe artifacts visible around reflective structures are
averaged out in RP-DFFOCT, thanks to the external phase

Fig. 3. RP-DFFOCT can extract both static and dynamic com-
ponents of the interferometric signal in a single shot. (a) Classic
two-phase FFOCT image on a macaque retinal explant. In FFOCT,
reflective structures such as photoreceptor outer segments show
strong fringe artifacts (blue square). (b) In RP-DFFOCT on the
same sample and region, thanks to the rolling phase of 4π over
the 5.12 s of acquisition duration, the raw interferometric intensity
follows a sine wave of carrier frequency. (c) By extracting the mag-
nitude of the Fourier transform at f0, an image of static structures
similar to the two-phase FFOCT is obtained, however with reduced
fringe artefacts and speckle noise. (d) Dynamic structures can be
simultaneously recovered by recombining three dynamic metrics.
The scale bar is 25 µm and is common to (a) and (c)–(d).

variation (Fig. 2(c) vs Fig. 2(d) on the photoreceptor outer
segments). Second, the global image quality of the bright-
ness channel is improved as phase noise is reduced with
RP-DFFOCT, enabling new intracellular details to be revealed.
In particular, clear nuclear boundaries become detectable with
RP-DFFOCT (Fig. 2(e)–Fig. 2(h)). Lastly, RP D FFOCT enables
a reduction in the global speckle contrast, as observed in
Figs. 2(i)–2(j), here again thanks to the averaging over the full
phase space.

A last advantage of RP-DFFOCT is that it enables extraction
of both static and dynamic signals (Fig. 3; see Visualization 2)
from a single acquisition. A time series of FFOCT is acquired on
a retinal explant with a standard two-phase FFOCT (Fig. 3(a))
for comparison and with RP-DFFOCT (Figs. 3(c) and 3(d)). By
observing how the intensity is evolving over time on a photore-
ceptor outer segment, we obtain the profile displayed in Fig. 3(b),
illustrating phase variation over 4π induced by reference arm
movement. Here, two periodic cycles may be observed over the
entire acquisition. Extracting the amplitude of the intensity vari-
ation using a fast Fourier transform (FFT) enables extraction of
the static signal (Fig. 3(c)), equivalent to the static “two-phase”
image in terms of contrast, but without fringe artifacts (Fig. 3(a)
vs. Fig. 3(c)).

Both images in (a) and (c) are calculated from the same num-
ber of 512 raw images to offer a fair comparison. In order to
calculate the hue and saturation channels in RP-DFFOCT, the
mean and the standard deviation of the power spectral density

https://doi.org/10.6084/m9.figshare.28073378
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are calculated. However, the dataset must be demodulated prior
to calculation, as the beat frequency of the reference phase would
mask intracellular signal. To do so, the frequency correspond-
ing to the reference arm movement is simply set to zero, and the
power spectral density is recalculated. The brightness channel
corresponds to < |∆I|> as described above. These three metrics
are combined in an HSB image, as shown in Fig. 3(d) for direct
quantitative observation.

Interestingly, with RP-DFFOCT, we were able to obtain sat-
isfactory images showing both cellular structure and activity
using very little data compared to traditional DFFOCT. With
increased SNR, with RP-DFFOCT, the number of raw images
required to distinguish cell types in the retina from the H, S,
and B maps has been observed qualitatively to be reduced by a
factor about 4 compared to regular DFFOCT.

The setup used is described in Monfort et al. [12]. The
reference mirror position can be accurately controlled by a
piezoelectric transducer (PK44M3B8P2, Thorlabs) piloted by
an acquisition card (NI 9263, National Instruments, TX, USA).
The same acquisition card is used for synchronizing the cam-
era (Q-2HFW, Adimec) and the reference mirror displacement.
Five hundred twelve images were recorded at 100 Hz with a
linear stepping of the reference mirror during the acquisition
from an equivalent of 0 to either 2 or 4 π, corresponding to
565 pm or 1.13 nm step between each image, respectively. Data
was post-processed using MATLAB, using < |∆I|> as metric for
the brightness channel in 0.76 s, and as previously described for
hue and saturation channels, once demodulated [12,22].

Adult macaque (Macaca fascicularis) retinas were ethically
obtained from terminally anesthetized subjects used in unre-
lated studies, adhering to the French Ministry of Education,
Higher Education and Research, as well as NIH, and EU guide-
lines (2010/63/EU). Post-enucleation, 1 cm2 retinal samples
were embedded in 1% low-melting agarose with Neurobasal-
A medium (10888022, ThermoFisher) containing 2 mM of
l-glutamine (G3126, Merck), and sectioned then into 100 µm
transverse slices using a vibrating microtome (Leica, Wetzlar),
and prepared for imaging in a glass-bottom plate.

In this work, we have demonstrated that by introducing a
slow continuous phase variation during the acquisition, we were
able to calculate a metric that is almost linearly linked with
both scatterer reflectivity and the distribution of phase shifts
induced by their active transport. This provides a more accu-
rate way to statistically measure phase-shift than fast scanning
modulation schemes and even more for spectrally broad OCT
techniques [19]. This resulted in a dynamic contrast revealing
new structures, as well as reducing speckle and fringe arti-
facts and producing better quality images. Besides, RP-DFFOCT
enables the capture of both static and dynamic structures in a
single acquisition in contrast to standard DFFOCT. Interestingly,
rolling phase could be as efficiently applied to dynamic Fourier
domain OCT (FD-OCT) [23] as well and should be a quite gen-
eral result for the OCT community. It was already reported that
speckle noise in static FD-OCT could be drastically reduced by
phase modulation [24]. As a result, we would expect that homo-
geneously sampling the “lows” and “highs” of the interferogram
through the rolling-phase scheme should provide better results
in both static and dynamic FD-OCT applications, with all the
advantages observed for the RP-DFFOCT. Finally, the improved
SNR reduces the acquisition time of dynamic signals. Notably,
this is the first time a scheme has been proposed for address-
ing faster acquisition of H and S channels, which provide the
coloring of D-FFOCT. In a regular DFFOCT, these channels
typically require at least 2.0 s integration time in the retina for

obtaining satisfactory contrast [12]. This coloring is linked to
cell activity and greatly helps in increasing the specificity of
the measurements, enabling the distinction of cell types based
on more than just morphological appearance. This paves the
way for faster dynamic measurements (≤0.5 s), and to visualize
dynamic contrast in real time, which is a key parameter for in vivo
dynamic measurements, or high content screening applications.
Indeed, D-FFOCT has mostly eluded clinical applications so
far, due to patient motion hindering organelle movements. The
shorter acquisition time this method allows could participate in
the clinical deployment of DFFOCT.
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