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Abstract: Phase-resolved OCT and fluorescence microscopy were used simultaneously to 
examine stereotypic patterns of neural activity in the isolated Drosophila central nervous 
system. Both imaging modalities were focused on individually identified bursicon neurons 
known to be involved in a fixed action pattern initiated by ecdysis-triggering hormone. We 
observed clear correspondence of OCT intensity, phase fluctuations, and activity-dependent 
calcium-induced fluorescence. 
© 2017 Optical Society of America 

OCIS codes: (110.4500) Optical coherence tomography; (120.5050) Phase measurement; (170.2520) Fluorescence 
microscopy; (170.2655) Functional monitoring and imaging; (170.4500) Optical coherence tomography. 
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1. Introduction 

Current methods for detection of neural activity include functional magnetic resonance 
imaging [1, 2], intrinsic optical imaging [3, 4], near infrared spectroscopy [5, 6], calcium- [7–
9] and voltage-sensitive dyes [10, 11], and a wide variety of electrodes [12–14]. While these 
technologies have enabled significant scientific and clinical advances, they rely on near or 
direct contact, chemical or genetic introduction of a fluorescent label, or on secondary 
signaling (blood oxygenation/flow) in order to detect neural activity. This leaves an unmet 
need for non-invasive, label-free methods for detection of neural activity. 

A range of structural and optical changes are known to accompany action potential 
propagation, including scattering [15], size [16, 17], birefringence [18], and turbidity [19]. 
Although these intrinsic changes are of exceedingly small magnitude [20, 21], advances in 
optical imaging are increasingly making robust detection of such changes possible. A number 
of studies have investigated the use of optical coherence tomography (OCT) [22], an optical 
interferometric technique capable of micrometer-level resolution over a sub-surface depth of 
1-2 mm in biological tissue. Changes in OCT intensity related to neural activity have been 
demonstrated in both the retina [23–30] and brain [31–38]. Phase-resolved OCT has also been 
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used to detect transient nanometer-level changes in neuronal thickness during action potential 
propagation in isolated nerves [39–44]. 

Optical imaging systems combining both OCT and fluorescence microscopy have been 
previously demonstrated [45–49]. We have developed a combination imaging system 
optimized for simultaneous phase-resolved OCT and fluorescence microscopy. In this study, 
we take advantage of the GAL4/UAS genetic binary system available in fruit fly Drosophila 
melanogaster to drive expression of the calcium reporters GCaMP-3 or GCaMP-5 in specific 
ensembles of peptidergic neurons, the kinin and bursicon cells in the pre-pupal central 
nervous system (CNS). These cells exhibit stereotypic patterns of calcium mobilization upon 
activation of the G protein-coupled ETH receptor by nanomolar concentrations of ecdysis 
triggering hormone (ETH), leading to orchestratration of the innate ecdysis behavioral 
sequence at the end of each molt [50–54]. We correlated changes in OCT intensity and levels 
of phase fluctuation with calcium-induced fluorescence during the ETH-induced signaling 
cascade in the fly CNS. 

 

Fig. 1. Schematic of the combined fluorescence and OCT imaging system. bl: broadband laser; 
g: galvo scanners; d1, d2: dichroic filters; f1, f2: wavelength filters; hs: halogen light source; 
obj: objective; m: mirror; dg: diffraction grating; lsc: line scan camera. Inset: a more detailed 
illustration of the experimental preparation for phase-resolved measurements. 

2. Imaging system 

Figure 1 shows a schematic diagram of the combined optical coherence tomography and 
fluorescence microscopy system. The OCT system uses a broadband laser (Femtolasers, Inc., 
Integral OCT) with a center wavelength of 804 nm and a bandwidth of 170 nm. The sample 
arm is incorporated into an upright microscope (Olympus BX61W). The OCT beam 
underfilled the back-aperture of a 20X water-immersion objective (NA = 0.5) by 40% in order 
to maintain an OCT depth range of at least 500 µm. A galvanometer-based 2-axis optical 
scanner (Cambridge Technology, Inc., 6210H) is used for raster scanning across the sample. 
Light reflected back from the reference and sample arms is recombined and collected in the 
spectrometer. The spectrometer consists of a diffraction grating (Wasatch Photonics, 1200 
lpmm, 830 nm), a focusing lens (f = 150 mm), and a line scan camera (Basler sprint camera, 
sp4096-140 km). Detected spectra are sent to the computer through a frame grabber (National 
Instrument, NI1429). Another data acquisition card (National Instrument, NI 6259) is used to 
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run two BNC breakout boxes (BNC 2110 and 2120), which generate the control signals for 
the OCT line scan camera, scanning mirrors, fluorescence stimulation shutter and 
fluorescence CCD. The sensitivity of the OCT system was determined to be 112 dB, with a 
depth-dependent sensitivity roll-off of 0.37 dB over 300 µm. For reference, the thickness of a 
pre-pupal Drosophila CNS is between 75 to 150 µm. Axial and lateral resolutions are 1.72 
μm and 4.34 μm, respectively. 

Light from the excitation light source (Lambda XL, Sutter Instrument) is guided to a 
stimulation shutter through a liquid light guide. Upon passing through the shutter, incident 
light passes through an excitation filter (f1) and is combined with OCT light in the 
microscope via a dichroic mirror (d1, T510lpxrxt, Chroma) and finally is focused on the fly 
CNS by the objective. Fluorescence emission from the sample is separated from OCT light by 
another dichroic mirror (d2, 710dcxxr, Chroma), passed through the emission filter (f2), and 
detected by the CCD camera. The fluorescence system uses a high gain electron multiplier-
CCD camera (Hamamatsu C9100-02) for imaging. The signal detected by the fluorescence 
CCD camera is sent to the computer through a frame grabber (Active Silicon). Filters were 
chosen for imaging GFP/GCaMP-labeled samples (excitation filter: 488/35 nm, emission 
filter: 535/50 nm, Chroma Inc). Lateral resolution for the fluorescence system was found to be 
1.86 µm with a 20X water immersion objective (N.A. = 0.5). 

A multithreaded software program written in Microsoft Visual C++ is used to synchronize 
all devices during acquisition. All devices are temporally synchronized through a multi-
function data acquisition card (NI-6259), which outputs analog waveforms to control the 
scanning galvos, line triggering of the OCT line scan camera, and a control signal for both the 
fluorescence CCD camera and stimulation shutter. Group 6, Element 1 of a USAF-1951 target 
was imaged in order to spatially register the OCT and fluorescence systems (Fig. 2). Lateral 
scanning was restricted to 150 x 100µm as a visible loss of OCT sensitivity was observed 
outside of this range. Four common features were identified both in brightfield and OCT en 
face images to determine transformation parameters (scaling factor and rotation angle) 
between pixels of the OCT and brightfield images. The resulting close overlap between a red 
overlay of OCT data with a blue overlay from the fluorescence system shown in Fig. 2 
demonstrates spatial registration of the two systems. 

 

Fig. 2. Co-registered images (150 x 100 µm) of a Group 6, Element 1 of a USAF-1951 
resolution target acquired from the fluorescence (blue) and OCT (red) imaging systems. 

Any ambiguity in phase determination represents a limitation on phase-resolved detection 
of relative motion. Two fundamental constraints on phase noise are related to the signal-to-
noise ratio (SNR) of a measurement [55, 56] and to the ratio of the beam width to the lateral 
distance between centers of two depth profiles being compared [55]. Contributions from the 
system to error due to lateral scanning can be largely eliminated through comparison of 
phases in depth profiles acquired from a single lateral location. Let the acquired SNR and 
phase be denoted by ( ),SNR z t  and ( ),z tφ , where z  represents the depth within a single depth 

profile acquired at time t . The smallest meaningful phase difference ( ) ( )
1 2
, ,z t z tφ φ φΔ = −  can 
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then be estimated by the standard deviation of the phase difference between the points, and 
can be expressed by 

 
( ) ( )

1 2

1 1

2 , 2 ,
.

SNR z t SNR z t
φσ

Δ
= +  (1) 

A series of measurements from the front and back surfaces of a coverslip with a variable 
neutral density filter was acquired, and standard deviation of the phase differences was then 
calculated. A composite value for the SNR from the front and back surfaces was calculated by 

equating Eq. (1) to the more commonly used expression for phase noise of 1 SNRφσ
Δ

= , 

which assumes the same SNR between both locations, to instead yield an expression that 
allows for improved assessment of the mean SNR versus phase for points with different SNR, 

 
( ) ( )

( ) ( )
1 2

1 2

2 , ,

, ,

SNR z t SNR z t
SNR

SNR z t SNR z t
=

+
 (2) 

A scatterplot of the composite SNR versus the phase noise is shown in Fig. 3, and 
demonstrates excellent agreement between experimental values and theoretical expectation. 

 

Fig. 3. Measurements of the standard deviation of the phase difference between the front and 
back surfaces of a coverslip at various settings of a neutral density filter. The standard 
deviations are plotted using the composite SNR expression given in Eq. (2). The line indicates 
the SNR-limited phase noise floor. 

3. Results and discussion 

3.1 Changes in intensity 

In vitro neuronal imaging was performed on the isolated CNS of pre-pupae (buoyant stage; 
~5-6 hr prior to pupal ecdysis). The CNS from genotype Pburs-GAL4; Kinin-GAL4>UAS-
GCaMP3 or Kinin-GAL4; Pburs-GAL4>UAS-GCaMP5 is surgically extirpated and embedded 
in low melting point agarose in a petri dish containing physiological saline. For fluorescence 
image acquisition, the excitation shutter was kept open for first 160 ms of each image with an 
exposure time of 1000 ms. Single OCT depth profiles were acquired every 120 µs with an 
integration time of 100 µs, and sequential volumes comprised of 100 frames of 1024 lines 
each over a 90 × 90µm lateral area. One OCT volume was acquired every 12 seconds, during 
which time 10 fluorescence images are acquired (1 fluorescence image every 10 OCT 
frames). Baseline data was acquired continuously for 5 minutes before addition of ETH to the 
bath to achieve final concentrations of 150 nM or 600 nM, after which optical data was 
acquired continuously for 30 minutes. As there was significant lateral scanning involved with 
volumetric acquisition, only changes in OCT intensity were analyzed in this set of 
experiments. 
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Lateral registration was performed based on maximum correlation of fluorescence images, 
and lateral shifts at each time point were applied to the corresponding OCT volumes. OCT 
volumes were then corrected for depth-dependent sensitivity roll-off of the spectrometer. The 
surface of the volumes was then determined by intensity thresholding, and all data were 
shifted to align volumes to that surface in order to insure spatial registration of all points over 
time. Figure 4 shows data from two separate experiments acquired using 150 nM (Fig. 4(a)-
4(c)) or 600 nM (Fig. 4(d)-4(f)) ETH. In each case, a bursicon neuron was selected for 
analysis. Due to the fact that image acquisition had to be reset following ETH presentation, 
the fluorescence intensity in a small area near the cell of interest before and after ETH 
presentation was normalized to the first points of each period. The same was done for OCT 
intensity, which is the averaged OCT SNR of all depth profiles within the same small lateral 
area over 100 µm of depth beneath the surface of the CNS. The results shown in Fig. 4 
demonstrate temporal correlation of changes in both fluorescence and OCT intensity 
following ETH exposure. This correlation can be quantified through a scatterplot of the 
normalized OCT versus normalized fluorescence acquired prior to ETH application and for 10 
minutes following the first fluorescence peak for both experiments. A linear regression of the 
data yields an R2 = 0.365 and a p-value < 0.05. 

 

Fig. 4. (a) Fluorescence image of the Drosophila pre-pupal CNS, with the OCT scanning 
region marked by the red box and the neuron of interest circled. Scale bar is 100 µm. (b, c) 
Normalized fluorescence and OCT intensity of the neuron in (a) following exposure of the 
CNS to 150 nM ETH. The black arrow indicates the starting time of ETH application. (d, e, f) 
Images and plots from a second experiment following exposure to 600 nM ETH. Gaps 
correspond to the time required to introduce ETH into the solution and re-focus the imaging 
system on the sample. (g) Scatterplot of normalized OCT and fluorescence intensities acquired 
prior to ETH presentation (red) and for 10 minutes following the first fluorescence peak 
(black) for both experiments. 

3.2 Changes in phase 

Motion can pose a significant hurdle for phase-resolved measurements. While axial motion 
can be mitigated by comparing the phase of one depth to that of another depth, lateral 
movement of even 0.01 times the width of the OCT beam can induce phase noise equivalent 
to that induced by an average SNR of 30 dB [55]. As this makes minimizing lateral motion 
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between successive phase-resolved depth profiles absolutely critical, phase-resolved 
measurements on the Drosophila CNS required the additional step of carefully positioning the 
CNS in low-melting point agarose (see [50] for details), as depicted in the inset of Fig. 1. In 
order to augment visualization of activity-induced calcium dynamics through agarose, a 
different strain of Drosophila (Pburs-GAL4;Kinin-GAL4>UAS-GCaMP5) expressing the 
higher intensity fluorophore GCaMP-5 instead of GCaMP-3 was used for these experiments. 
Baseline data was acquired for 600 s before addition of ETH to the bath. The presence of 
agarose necessitated a longer overall acquisition period to account for the much longer 
diffusion time required for the ETH to reach the CNS, at which point a cascade of activity 
was observed through fluorescence imaging. OCT acquisition was restricted to a single lateral 
location at a single bursicon neuron of interest throughout the experiment. 

 

Fig. 5. Scatterplots of the standard deviation of phase differences acquired from Drosophila 
CNS versus composite SNR before ETH presentation (left) and during the period of neural 
activity (right) are shown with blue circles. The standard deviations after removal of phase 
fluctuations are indicated with red crosses. 

These experiments require positioning the OCT beam over a particular cell body 
highlighted by fluorescence, and chosen prior to ETH introduction. While the overall position 
of the CNS embedded in agar remained fixed, it was observed that the individual positions of 
cell bodies can fluctuate over the course of experiments. However, since the OCT beam 
remained in a single fixed lateral location, phase-resolved data when the beam was not clearly 
positioned within the cell cannot be interpreted at this time. The following analysis is based 
on a particularly stable experiment in which the OCT beam remained clearly within the cell of 
interest over the entire time period. 

Phase analysis was restricted to a depth range spanning 23 points in depth (78.2µm) near 
the OCT beam focus. In order to mitigate the effect of axial motion caused by variations in 
the relative path length between the reference and sample arms, phase differences ( ),z tφΔ  

between depths 2 points from each other were calculated according to 

 ( ) ( ) ( ), , 2,z t z t z tφ φ φΔ = − −  (3) 

Let the time of the start of exposure for the jth fluorescence images be denoted by 
j

t . The 

standard deviation of the resulting phase differences at all 23 points in depth from 
j

t  to 
1j

t
+

 

were computed. Scatterplots of these standard deviations versus the mean SNR over 
corresponding periods both before ETH presentation and during fluorescence activity are 
shown in Fig. 5. Prior to ETH presentation, phase differences are only slightly above those 
expected for little to no relative motions between depths. During a period of neural activity, 
we observed an elevation in the standard deviation of the phase differences that can be 
observed above 18-20 dB. Phase differences for all points with a composite SNR below this 
threshold were consequently removed from analysis. 
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Fig. 6. Fluorescence images (left) and depth-resolved phase difference traces (right, 1 s 
duration) prior to ETH application and during neural activity. Phase-resolved OCT data was 
acquired from the neuron indicated with the red circle. (Visualization 1) 

The relationship between fluorescence and the remaining phase-resolved OCT data can be 
seen in Fig. 6. The position of the OCT beam was fixed on the neuron of interest indicated by 
the red box in the fluorescence images. Phase difference traces after thresholding correspond 
to OCT data acquired during acquisition of the fluorescence image. As can be seen in the 
representative images, little to no phase fluctuation occurs prior to ETH application, but a 
significant amount of phase fluctuation is evident during a period of neural activity. These 
phase fluctuations were identified by the following process. Phase trends on a time scale 
slower than 2.5 ms were removed by subtracting a moving average 

 ( ) ( ) ( )
2

1

2

, , , ,
N

i i i jN

j N

z t z t z tφ φ φ
−

= −

′Δ = Δ − Δ  (4) 

where N corresponds to number of points acquired within 2.5ms. A phase fluctuation was 
identified either when ( ),z tφ ′Δ  exceeded 1.5 φσ

Δ
 as defined by Eq. (1) for more than one point 

in a row or if ( ),z tφ ′Δ  varied by more than 3 radians within 3 consecutive points. The overlay 

in Fig. 5 displays the standard deviation of the phase differences after removal of the 
identified fluctuations. It should be noted that these points hew closer to the theoretical phase 
noise floor, as would be expected. 

Two different calculations were made to quantify the overall level of phase fluctuations 
observed in Fig. 7. The first was to take the sum of the square of the phase differences (after 

the intensity threshold) over all depths, ( )
1

2

,
j j

z t t
φ

+
→

′Δ , while the second was to count the 

number of phase fluctuations 
f

N . The temporal relationship between these two measures and 

fluorescence can be seen in Fig. 7, where a clear difference can be noted between the baseline 
period (0-2500s) and near the time of neuronal calcium dynamics (2700-3400s). 

A few features are worth noting regarding data shown in Fig. 7, primarily the significant 
relative delay (~150 sec) between onset of phase fluctuation-based measures and GCaMP5-
based fluorescence. We hypothesize this is caused by a combination of two factors. First, 
while calcium mobilization is associated with electrical activity, there is not a one-to-one 
correspondence between the two; nevertheless this cannot account for a delay of over 2 min. 
The more important factor is likely to be lateral motion of cell bodies in the fluorescence 
images. While embedding the CNS in agar removed overall movement of the CNS, we 
observed lateral movement of fluorescently-labeled cellular features coincident with activity. 
As even slight amounts of lateral motion can lead to significant changes in phase-resolved 
OCT, we hypothesize that activity-induced lateral motion of the cell being monitored, 
potentially by neighboring cells, is a contributor to differences in onset time between phase 
fluctuation and fluorescence, but posit that these changes are still an effect of neural activity. 
Future studies will include decoupling contributions to the phase signal of activity-induced 
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lateral motion from activity at the location of interest through motion tracking or phase-
resolved detection at a multiplicity of points (with full- or line-field approaches). 

 

Fig. 7. Time-resolved plots of the average SNR, summation of the squared phase fluctuations, 
the number of phase fluctuations, and fluorescence intensity from a neuron. ETH was applied 
at 600 s. 

4. Conclusion 

We developed an optical imaging system capable of simultaneous phase-resolved OCT and 
fluorescence imaging. This system was used to examine a well-characterized pattern of neural 
activation in the excised Drosophila CNS. OCT-based measures of intensity and levels of 
phase fluctuation differ during periods before and during this neural cascade as determined by 
GCaMP-5 fluorescence measurements of calcium mobilization. As responses of excised but 
otherwise intact CNS preparations were used, these optical signatures are not coupled to a 
secondary vascular response. While a one-to-one correspondence between OCT-based and 
fluorescence signals was not observed, label-free optical measures derived from OCT related 
to neural activity are evident and are the first demonstration of phase-resolved measurements 
to directly detect activity in a complex neural structure. Future work will include correlation 
against electrical detection, use of voltage-dependent indicators, and OCT-based detection at a 
multiplicity of points to better define OCT signals in relation to fluorescence and electrical 
activities during a physiologically-evoked neural cascade. 
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