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Abstract— Currently, there are no widely used methods of supra-threshold waves and state changes, subthreshaoits eve
optnca_llyfreclordmg rapid ?'ecltrlcélr'hevents over a wide cotical  electrical events in neuron classes inaccessible to ebbetr
area in freely moving animals. This paper presents an image g4 glial responses [9
sensor for recording electrical activity of large regions 4-9 mn?) 9 P [9].
of the nervous tissue at high speeds>( 500 Hz) using voltage

sensitive dye imaging (VSDI) in freely moving animals. Each o0 Typical VSDI Output
75 pm x 75 um pixel consists of a photodiode of 74um x 34 1 r""w‘-—"’\./\..___
pm and a storage capacitor of 788 fF. The image sensor has a 80

signal-to-noise ratio of 76 dB.

I. INTRODUCTION

Neuronal recordings of awake and freely moving animals
provide one of the most representative views of brain faomcti
Animal experiments using anesthetics have dramatic sffect
on all levels of neuronal function [3]. The activity in cerab
cortex is severely suppressed with anesthetics as it atets
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depresses neuronal activity. A conscious behavioral respo 10
is required to accurately study cognitive processing ofighi. o H : : : . . .
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Fig. 1. Proposed VSDI system for freely moving animals.

In VSDI experiments, a small fluorescent dye is applied to
the bra_|n surface [6]. The dye molecules alter their fluarasc Second generation microscope system. The housids fl the
output in response to changes in transmembrane voltagel Vgﬁ,cs filters, light source and the image sensor.
does not have a bias for any particular neuronal subtypes and
allows the localization of voltage waves as they propagateTypical VSDI systems cannot be adapted for use on freely
across large areas (millimeters) of cortex. moving animals due to restrictions on weight (0 g) and

There are many advantages of VSDI over other methodspmiwer (< 15 mW). A miniaturized implantable VSDI sensor
measuring neuronal activity?]. In addition, high speed (500- has many design challenges. The signal-to-noise ratio JSNR
1000 Hz) wide field optical recordings of electrical actvit must be larger than 13 bits, as the signal of interest is @aroun
such as VSDI provide different information about cortical.1-1% of the background illumination (figure 2). Thus a &rg
processes that cannot be readily obtained from tradition#ioton-collection area per pixel must be paired with a 14-
electrophysiology methods, including propagating subd a6 bit analog-to-digital converter (ADC). A high bandwidth



(> 500 frames/s) is needed to sample fast neurophysiologic

events [9], P]. Also, there are a number of dynamic noise _ a s vz il
sources that together degrade the signal. A custom engiheer Praest = o
and manufactured miniaturized head-mounted imaging syste
that addresses all of these issues is shown in figure 3.

It is important to note that of the 16 bits collected per sam- §
ple, 10-12 bits are from the unvarying background light (fegu o

2). Thus, only 4-6 bits are used to digitize the modulating
signal from the tissue. For a head-mounted microscope for = !
small animals, weight is a major concern, and having matipl =
16 bit ADCs on the microscope is not feasible. Putting the . _ . o
. : ig. 4. Pixel used in the proposed image sensor. This pixebable of

ADCs off th_e SyStem_ clos_er toa Com_pUter is also Unde_s'r_abtlﬁgtputting 2 frames sequentially for temporal differecion chip.
due to the increase in wires and noise. To address this issue,
and to exploit the fact that only 4-6 bits are used to digithe ﬁ Scan Shift Register
signal of interest, framg—dn‘ferencmg on chip is implerrezh DD T DL s
before the A/D conversion. SSRReset —]

Previous imaging systems are not tailored for brain studies SSRCIk—|
in freely moving animals. One CMOS sensor is compatible
with a variety of clinical assays?], but it suffers from a
large inter-detector mismatch. Single large-area phottet
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for low-level luminescence sensing][lack necessary spatial L — VDDA
resolution. State-of-the-art bio-luminescent sens@fslp not R3
possess the temporal resolution necessary for voltagdigens output] out!

Difference output

at resolving fluorescence lifetime signal was publisigd[it
the pixel pitch of this device is too large to detect smallnogau
populations. Recently, a miniaturized system for fluoresen
microscopy in freely moving mice was presenté] put it rig. 5. Overview of the proposed image sensor. Shift scaisteg are used
lacks the temporal and spatial resolution needed for VSDI.to address each pixel during readoGutl and out2 are read by the rest of

; ; ; (P system through two buffers. The temporal differenceuwiuit generated
In Section I, the Image sensor circuit is presented. T@%m the two outputs and read by the rest of the system thrdigferential

characterstics of the image sensor is presented in Section dyiput at a gain determined by the ratio betweRh R2, R3 and R4
Section IV describes the test set up for imaging olfactory

receptor neurons. Results of preliminary experiments on an

animal is shown in Section V. out simultaneously to an on-chip differential amplifier.eTh
differential amplifier has a gain of 8, and amplifies a diffeze
of a few hundred microvolts to a few millivolts.

The pixel is shown in figure 4. The pixel uses a standard Before the integration of a third frame, the current value of
3-T design composed of a PMOS reset transistor and a NM@e photodiode is stored into the capacitor by quickly mgsi
follower. The storage capacitor is a MOSCAP sized for 783. This erases the first frame from the storage capacitor
fF. A dummy switch §1N) is used to reduce clock feedthrougtand stores the second frame into the capacitor. This cycle is
and charge injection. The pixel value is stored into a capacirepeated to produce a continuous temporal-differenciguau
and readout througbutl or directly read out througlout2. This feature has not been tested extensively yet and will not
The two output lines allow the pixel to operate in a normdle discussed further in this paper.
readout mode as well as temporal difference mode. For a
normal readout, the integrated voltage of the photodiodte ca
be stored into the storage capacitor by turningsan After A test platform to measure the performance of the image
integration,sl is turned off to isolate the storage capacitosensor was built around an Opal Kelly XEM3001v2 platform.
from the photodiode. The stored voltage value is then redtie FPGA on the Opal Kelly was used to control two 16 bit
out by the circuit. ADCs (for normal outputs), one 12 bit ADC (for the temporal

In temporal difference mode, the first frame is stored intifference output) and two 12 bit digital-to-analog coriees
the capacitor, just as in normal-image mode. Howeskris that provided the appropriate biases to the image sensor. A
turned off once the first frame is integrated and stored in tleentrol program was written in C++ and communicated with
capacitor. Once the storage capacitor is disconnectedtfiem the Opal Kelly through an USB port.
photodiode, the photodiode is reset. The second frame iis the To test the SNR of the image sensor, the photodiode in every
integrated by the photodiode amitl (the previous frame) pixel was integrated for 25 ms at different light intengtie
andout? (the integrated voltage of the current frame) are redthe relationship between SNR and light intensity are giwen b

R4

dye imaging in the central nervous system (CNS). An attempt l<ﬁ t o
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Il. IMAGE SENSORDESIGN

IIl. CHARACTERIZATION OF THE IMAGE SENSOR



the equation'SN R[dB] = 0.42 - intensity[luz] + 31 before bulb (OB) by thinning the overlying bone to 1Q0n thickness
saturation at around 150 lux. At saturation, the image sensmd coating the thinned bone with ethyl 2-cyanoacrylate glu
has a SNR of 76 dB. The SNR needs to be between 55 to t62preserve optical clarity. Odorants were diluted fronmusat
for VSDI applications. rated vapor of pure liquid odorant using mass flow contrsller

In order to test the leakage of the capacitor, the photodiinearity and stability of the olfactometer were verifiedhva
ode was reset andl was turned off immediately to isolate photoionization detector. Anodorant delivery tube (20 nin |
the capacitor from the photodiode. The voltage drop in th® mm long), positioned 6 mm from the animals nose, was
capacitor due to leakage was measured at different times. Tonnected to a 3-way valve controlled vacuum flow. Switching
voltage drop in 1 ms was 56V. For temporal-differencing, this vacuum flow away from the tube assured rapid onset and
the value needs to be stored in the capacitor for 2 ms at 58ffset of the odorant.
fps. In 2 ms, there will be a 112V drop, which is slightly
above 1 LSB (for a 14 bit resolution of a 1.5 V swing).
Improving the readout circuitry and increasing the frartera
would minimize the effect of leakage in the capacitor. Since
the storage capacitor is sized to be 788 fF, the leakagertdurre
in the capacitor can be calculated to be 44.8 fA.

The fixed pattern noise (FPN) was calculated by measuring
the standard deviation of each pixel over 64 frames and then
taking the mean of the resulting 1024 standard deviation
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values. For a short integration time of 28 in the dark, the " ry ey

standard deviation was 129/ over a 3.1 mV swing. At near ). |_ - .

saturation (150 lux and 25 ms integration time), the stahdar == s [ — N £~
deviation was 308:V over a 1.298 V swing. Heat Pad m = N\ stmuiator e

Fig. 7. Current VSDI setup for a fixed, anesthetized rat. Timegsten
lamp and the dichroic filter provide the excitation (Ex) sijrThe resulting
fluorescent signal is passed through the emission (Em) fifidrinto a image
sensor. The stimulator introduces an odor and controls thathing of the
animal. The VSDI camera component was replaced with thegsep image
sensor and data was taken to compare the results with Ne@roQGe
proposed system (figure 3) will incorporate everythingdesihe dotted line
into a compact system for use on freely moving animals.

After creating the optical window, a double tracheotomy
was performed to control sniffing. To draw odorants into
(2) SNR of proposed image sefb) SNR of NeuroCCD at 500 fps the nasal cavity, a teflon tube was inserted tightly into the
sor at 500 fps nasopharynx. This tube communicated intermittently (250 m
inhalation at a 2 s interval) with a vacuum flow via a PC-
Fig. 6. F’hantogﬁcim%gez tzkenhwitg the pfrorr:osed imagg senddRed igirt controlled 3-way valve. A cyan LED was the light source.
ggﬁ?]"t]ﬁel\éeal:lioregic?n a'\r/|1d552' c]—B ?n trll\leRb:')igrtlﬁegirgr?.O'?ﬁe ISnl]\IEI‘:?%;rg?:Cé Neur_oplex software Imtl_ated a mal_ by triggering t.he onee
is 44 dB in the dark region and 49 dB in the bright region. the light source, resetting the sniff-cycle and triggerthg
olfactometer. Imaging started 0.5 sec after the trigger amd
Two phantom images were taken using a typical VSDudorant was presented from 4 to 9.5 s. Figure 7 shows the test
setup. Figure 6(a) is taken with the proposed image sensbr &etup.
figure 6(b) is taken with Red Shirt Imaging NeuroCCD-SM256
[?]. NeuroCCD is commonly used for VSD and calcium
imaging of anesthetized animals. The performance of the twoFigure 8 shows the area of the cortex observed by the

V. ANIMAL TESTRESULTS

image sensors are comparable as shown in figure 6. proposed image sensor and NeuroCCD. Since the proposed
image sensor is only 32x32, the field of view is much smaller
IV. ANIMAL TESTSETUP than that of NeuroCCD. Still, the same area of the cortex was

Once the image sensor was characterized, experimentstangeted to measure the change in light levels.
anesthetized animals were run to compare the proposed imag&he change in light intensity over time is shown in figure 9.
sensor against a commercial VSDI sensor. The change detected by NeuroCCD is shown by the third line.
Rat olfactory receptor neurons (ORN) were loaded witfihe change detected by the proposed image sensor is shown
calcium-sensitive dye (Oregon Green BAPTA 488 Dextran the lines below. The fourth line is with 2% concentratidn o
10kD) 7 days prior to imaging using a procedure similar tethyl butyrate. During the experiment, the olfactory eglitim
a procedure used for mice. Just prior to imaging, an optidehd adapted to the odor concentrations so the ethyl butyrate
window was installed over the dorsal surface of each olfgctowas increased to 5% concentration and the bottom line shows



TABLE |
IMAGE SENSOR PROPERTIES

(a) Proposed image sensor at 50 (b) NeuroCCD at 50 fps

fps

Technology AMI 0.5-pm Bulk CMOS

Array Size 32 (H) x 32 (V)

Total Size 3 mmx 3 mm

Pixel Size 75 pm X 75 pm

Fill Factor 45%

Fixed Pattern Noisg 129 .V (dark), 308V (150 lux)
Read Noise 67 e-

Output Voltage Swing 1.47V
Well Size 700,000 e-

Storage Capacitor Leakage Current 44.8 A
SNR 76 dB

Max Frame Rate 890 fps

Fig. 8. Area of rat cortex where activity was observed.

Rat ORN at 25Hz, Ethyl Butyrate

Odor
N

NeuroCCD, 2% conc. M

Run 1, 2% conc.
Run 2, 5% conc.
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(1]

(2]

Fig. 9. Observed change in fluorescence. The curves are irayle £vent
data and not an average. Each major tick of the y-axis repseh0% change
in light intensity. Both the proposed sensor and NeuroCCteated a similar
change in light intensity once the odor was sniffed by thenahi However,
the proposed image sensor can be integrated into the mrmiaticroscope
(figure 3).

(3]

(4]

[5]
the result after the increase in odor concentration. For the
bottom line, in terms of the absolute 16 bit ADC value at thegg)
normal output line, the reset level is 61800 and the backgiou
is 48200, for a voltage swing of 13600. At around 5.5 s, the
value drops from 48150 to 47750, for a swing of 400. Thusy
the change in intensity is 2.94%. This is within the range of
expected values. i8]

VI. CONCLUSION
. . . .. 9]
This paper presented an image sensor for use in a miniaturé

VSDI system for freely moving animals. The system is capable
of recording electrical activity of large regions (4-9 fof (10
the nervous tissue at high speeds %00 Hz). Each pixel is
sized to be 75um x 75 um and the photodiode is 74m x 34
um. The image sensor has a signal-to-noise ratio of 76 dgltl
The image sensor yielded similar performance to a commer-
cial VSDI sensor when tested on a fixed animal. Future works
includes completing the miniature microscope and running
more experiments on freely moving animals. Also, the tempo-
ral differencing capability needs to be tested extensiaglg

characterized to determine if the system can take advantage
] of this feature to reduce the stress on the readout ADC.
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