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Abstract

Wide-field calcium imaging techniques allow recordings of high-resolution neuronal activ-
ity across one or more brain regions. However, since the recordings capture light emission
generated by the fluorescence of the calcium indicator, the neural activity that drives the
calcium changes is masked by the calcium indicator dynamics. Here we develop and evaluate
new methods to deconvolve the calcium traces and estimate the underlying neural spiking
rate. Our methods take into account both the noise in the recordings and the temporal
dynamics of the calcium indicator response. Our first proposal estimates firing rates that
are constant over discrete time bins. The size of each time bin depends on the data and is
determined dynamically. Our second proposal estimates the rate as a continuous function
and is meant for studies that look for slow rate fluctuations rather than abrupt changes. We
compare our results with those of two alternative approaches: direct deconvolution using a
‘first differences’ approach, and the ‘Lucy-Richardson’ image recovery method, adapted to
recover temporal dynamics. We show that our methods outperform competitors on synthetic
data as well as on wide-field calcium recordings in which the spikes were recorded in parallel
using multi-channel silicon probe.

1 Introduction

Recent developments in optogenetics allow for the recording of high-resolution images of neuronal
activity from the entire dorsal surface of the cortex in behaving animals (Makino et al. 2017, Chen
et al. 2017, Allen et al. 2017), through the use of fluorescent calcium indicator molecules (Chen
et al. 2013). Each pixel captures the fluorescence arising from dozens to thousands of neurons.
Images can be steadily collected for hours at a high rate, from dozens to hundreds of Hertz. When
the images are aggregated over time, a fluorescence trace can be extracted for each pixel. Inferring
the time-varying neuronal activity from a given fluorescence trace is a challenging deconvolution
problem.

Wide-field recording techniques date back a few decades. Before optogenetic manipulations
were available, wide-field techniques used a combination of a single photon microscope and a camera
to record the natural changes in illumination due to hemodynamic changes (Masino et al. 1993, for
example). Because wide-field recordings cover large fields of view, the luminescence captured in
each pixel originates from multiple sources (blood vessels and/or neurons). Hence the luminescence
is strong enough to be captured through the skull, when the skull is relatively thin, as is the case
for mice. This avoids invasive procedures, which in turn allows recordings of in vivo brain activity
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in behaving animals. It is also possible to conduct wide-field recordings in anesthetized animals
(Kalchenko et al. 2014) or in vitro slices.

In recent years, the development of optogenetics has enabled neuronal recordings in wvivo for
long periods of time and across multiple days by combining optogenetic manipulations, which
were originally developed for two photon microscopy, with chronically implanted windows that
expose large fields of view. Furthermore, wide-field imaging can now be used to image neural
activity across multiple brain regions (Silasi et al. 2016). As a result, wide-field imaging has
rapidly become a standard recording technique (Clancy et al. 2019, Mann et al. 2017, Musall
et al. 2018, Chen et al. 2017, Allen et al. 2017, Aimon et al. 2015, Wekselblatt et al. 2016, Makino
et al. 2017). However, suitable approaches for deconvolution of wide-field calcium recordings are
notably absent. In this paper, we develop a statistical model to extract mesoscale neural activity
from wide-field recordings.

The problem of inferring the underlying neuronal activity from a fluorescence trace has recently
been considered by a number of authors, in the case of fluorescence traces that result from the
activity of a single neuron (Jewell & Witten 2018, Jewell et al. 2019, Friedrich et al. 2017, Pnev-
matikakis et al. 2016). These papers make use of an auto-regressive model, originally proposed in
Vogelstein et al. (2009), that associates the fluorescence y; of a single neuron at the ¢th timepoint
with the unobserved calcium ¢; at the tth timepoint,

Yr = Bo + Bict + €, e ~ma. (0,0%), t=1,...,T, (1)
=71+ S, t=2,..T,

where s; > 0 allows for the occurrence of a spike at the ¢th timepoint, and where v € (0,1)
is the rate of calcium decay. In words, (1) indicates that the calcium decays exponentially over
time, unless there is a spike at the tth timepoint, in which case it increases; furthermore, the
observed fluorescence is a noisy realization of the underlying calcium at each timepoint. In (1),
Bo corresponds to the baseline fluorescence, which must be estimated; however, we can set 5; = 1
without loss of generality, as this simply amounts to scaling the calcium by a constant factor. To
fit the model (1) with 8; = 1, Friedrich et al. (2017), Jewell & Witten (2018), and Jewell et al.
(2019) solve the optimization problem

T

minimize,, ¢ 6, {Z(yt — B0 —¢)* + AP(c; — fyctl)} subject to ¢; > yerq, t=2,...,T, (2)

t=1

where ) is a nonnegative tuning parameter, and where P(-) is a penalty function designed to induce
sparsity in its argument — that is, to encourage ¢; —yc;—1 = s = 0 — so that at most timepoints,
no spike is estimated to occur. Friedrich et al. (2017) makes use of an ¢; penalty (Tibshirani 1996),
while Jewell & Witten (2018) and Jewell et al. (2019) instead use an ¢, penalty.

However, fluorescence traces that result from wide-field calcium imaging recordings correspond
to the activity of a collection of neurons rather than the activity of a single neuron. Consequently,
single-neuron deconvolution solutions, which assume that at most time points there are no spikes,
cannot be directly applied. In this manuscript, we propose to extend the model (1), and the
corresponding optimization problem (2), to the setting of wide-field calcium imaging recordings.
We apply this new approach for deconvolution of wide-field calcium imaging recordings to data
from the retrosplenial cortex (Swanson et al. 2018).
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2 A Model for Wide-Field Recordings and Neuronal Ac-
tivity
2.1 Extension of the Model (1) to Wide-Field Recordings

To begin, we consider the model (1), in a setting in which the observed fluorescence trace is the
sum of the fluorescences associated with each of p neurons recorded at a given pixel. For the jth
neuron, j = 1,...,p, (1) takes the form

W=Ard+d,  drm (0.@F), t=1..T

. 4 , ;
d=n~d +s, t=2,....T (3)

where we assume that the rate of calcium decay, v, is the same for all p neurons. However, in the
wide-field case we do not separately observe the fluorescence for each of the p neurons; we instead
observe their summed fluorescence. Summing (3) across the p neurons yields the model

p
@t :BO +Et +Et, Et ~ind. <O,Z<O'j>2> s t = ]_,...7T,
7j=1

(4)

Et:’YEt—l‘f‘?"t; t:27"'7T7

where 7, = 1;:1 yi is the total observed fluorescence of the p neurons, and where 3,, ¢, and &
are the total baseline fluorescence, total calcium at the tth timepoint, and total noise at the tth
timepoint, respectively. In (4), we can interpret r; as the amount that the calcium increases, at
the tth timepoint, as a result of spiking events in the p neurons; we will refer to this as the spiking
rate. Because p is potentially quite large, on the order of hundreds to thousands of neurons, we
do not expect r; to be sparse. However, critically, we do expect r; to (for the most part) take on
similar values at nearby timepoints: we do not expect the rate to vary over time in an arbitrary
way. We will explore this point in greater detail in the next section.

The total baseline fluorescence, B, typically depends on the processing performed on the
observed fluorescence; see e.g. the AF/F pre-processing of Chen et al. 2017.

2.2 Optimization Problem

The model (4) leads naturally to the optimization problem

t=1

T
minimize, , 3 {Z@t — By —¢)? + AP(¢y — 7¢1,C3 — YCa, . . ., Cp — VET_l)} (5)
subject toc, >~ 1t =2,...,T.

Problem (5) closely resembles the optimization problem (2) used to deconvolve the fluorescence
trace for a single neuron (Friedrich et al. 2017, Jewell & Witten 2018, Jewell et al. 2019). For
that task, the authors considered the use of a sparsity-inducing penalty, because a neuron is not
expected to spike at most timepoints. By contrast, here we are considering a model in which
y, represents the total fluorescence at the tth timepoint summed over p neurons, and in which
¢y — ¢ represents the spiking rate at the tth timepoint across all p neurons. Therefore, in the
context of wide-field imaging, we do not want P(-) to be a sparsity-inducing penalty. Instead, we
want P(-) to encourage adjacent timepoints to, for the most part, have similar values of r;.

3
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For convenience, in what follows, we will reparametrize (5) in terms of 7y, ..., rpr, where r, =
¢ — ¢ for t = 2,...,T as defined in (4), and where r = ¢ . The latter is strictly a definition
intended for notational convenience. This reparametrizaton can be also expressed in matrix form,
r = D¢, where D is a T x T full-rank matrix with 1’s on the diagonal and —~’s just below the
diagonal. This leads to a rephrasing of the optimization problem (5) as follows:

minimize, . 3 {y =128y — D7'r||> + AP(ra,...,rr)} subject tor, >0,t=2,...,T, (6)
where 17 is a vector of length T" with all elements equal to 1.

Proposition 1. The optimization problem (5) is equivalent to (6), in the sense that By = Bo and
P = Dé, where # = (71,...,77)" and By solve (6), and ¢ = (¢1,...,¢r)" and By solve (5).

We propose two possible forms for P(-):
1. Dynamically-Binned Spiking Rate. We consider the penalty

T
P(ray,...,rr) =Y |re =i, (7)
t=3

which is a fused lasso, or total variation denoising, penalty (Tibshirani et al. 2005, Tibshirani
et al. 2012, Condat 2013). This penalty encourages the spiking rate, r;, to be constant over
time, with only occasional changepoints, as shown in Figure 1B. This will yield estimates
of the spiking rate that are constant within a bin, where the bins are themselves adaptively
estimated from the data.

2. Continuously- Varying Spiking Rate. We consider the penalty
T

P(ry,...,rr) = Z(n — 7 )%, (8)

t=3

which encourages r; = r;_1, so that the spiking rate varies continuously over time, as shown
in Figure 1C.

For simplicity, we can represent both penalties as
T

P(TQa"'7TT) :Z|Tt_rt—1|n7 n=1or 27 (9)

t=3

where n = 1 corresponds to dynamically-binned (7) and n = 2 corresponds to a continuously-
varying rate (8). The optimization problem (6) with penalty (9) can be written as

T
minimize, . 3 {||y — 198, — D7 'r|* + )\Z Ire — rt_1|”} subject tor, >0, t =2,...,T.
=3

(10)
Proposition 2. The pair (7, By) is a solution to problem (10) if and only if By = 717.( — D717)
and 7 1s a solution to

T

minimize,, ., {Hg] — Ar|)? + )\Z lry — rt1|"} subject tory >0, t=2,...,T, (11)
t=3

where A = (] = %1T1}) D™ and g = (] = %1T1;) ¥, with I the T x T identity matriz and 1717,

a'lT" x T matrix of ones.
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Figure 1: Illustrations of fluorescence trace and spiking rates estimated with two different penalties.
A. An example of a recorded fluorescence trace. B. The spiking rate deconvolved from the recorded
trace by solving (6) using the Dynamically-Binned penalty in (7). C. The spiking rate deconvolved
from the recorded trace by solving (6) using the Continuously-Varying penalty in (8).

Note that 7 is the mean-centered version of 7, and A is the column-mean-centered version of D=1,
We prove Proposition 2 in Appendix A. It implies that we can solve (10) by simply solving (11)
to obtain the spiking rate, and then using a closed form expression to obtain the intercept.

With n =1 or n =2, (10) is a convex optimization problem. However, it is not strictly convex
and so the solution is not unique. The following proposition indicates that the solution to (10) is
invariant under a constant shift in the spiking rate.

Proposition 3. Let the pair (f,BO) denote a solution to (10). Then the pair (7, B) also solves
(10), where 7y = 7 +d fort = 2,...,T for any d > —t_minT(ft) that satisfies q(d,7) > 0, for

=Ly

By = #17(y — D7'F) and a particular choice of 7.

We provide explicit expressions for ¢(d, 1) and 7, in the proof of Proposition 3 in Appendix B.

3 Algorithm

3.1 Overview of Proximal Gradient Descent

Equation (11) with n > 1 is a convex optimization problem (Boyd & Vandenberghe 2004) that
can be efficiently solved for the global optimum. Here, we make use of proximal gradient descent.

We now provide a brief overview of proximal gradient descent; a detailed treatment can be
found in Parikh et al. (2014). Suppose that we wish to solve the optimization problem

minixmize {f(z)+g(x)} (12)

where f(-) is a smooth convex function, and g(-) is convex but possibly non-differentiable. Then,
under mild conditions, an iterative algorithm that initializes = at (%), and then at the tth iteration
applies the update

2™« Proxy (zz:(t’l) — SVf(a:(t’l))) ,

will converge to the global optimum. Here, s is a stepsize chosen so that s < 1/L, where L is the
Lipschitz constant for the function V f(-). The notation Prox,,.) indicates the proximal operator

5
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of the function sg(-), defined as

1
Prox,e)(Z) = arg min {§H£C —F|)? + sg(af)} : (13)

Therefore, proximal gradient descent provides a simple recipe for solving a broad class of con-
vex optimization problems of the form (12), provided that the proximal operator (13) is easily
computed, and the function V f(-) is Lipschitz continuous.

3.2 Algorithm for Dynamically-Binned Spiking Rate

We now propose a proximal gradient descent algorithm for solving (10) with n = 1. By Proposition
2, we can simply solve

T
minimize,, . {Hg] — Ar|? + )\Z |1y — rt_1|} subject tor; >0, t=2,...,T. (14)

t=3

Using the notation of (12), we take f(r) = ||§ — Ar||> and g(r) = A3 /_q [rs — 11 |™
The following results, which are proven in Appendices C and D, will be useful.

Proposition 4. The function V,f(r) = —2A" (§j — Ar) is Lipschitz continuous with Lipschitz
2
constant L satisfying L < 2 <%> .

Proposition 5. Let 7 solve the optimization problem

T
1
minimize,, ., {§Hr —|* + S)\Z |ry — rtl\} : (15)

t=3

Then 7y = max(7,0) fort =2,...,T and 71 = 71 solves the optimization problem
1 T
minimize,, ., {§||r — F||* + s\ Z |re — rt_1|} subject tory >0, t=2,...,T. (16)
t=3

A number of standard solvers, such as the f1lsa solver in R (Hoefling 2010), are available to solve
(15). We solve (15) by implementing the proposal of Condat (2013). Proposition 5 implies that
given a solution to (15), solving (16) is straightforward.

Propositions 2, 4, and 5 lead directly to Algorithm 1 for solving (14).

3.3 Algorithm for Continuously-Varying Spiking Rate

We now propose a proximal gradient descent algorithm for solving (10) with n = 2. By Proposition
2 it suffices to solve

T
minimize,, ., {Hg —Ar|?+ A\ Z(Tt — rt_l)z} subject tor; >0, t =2,...,T. (17)
=3

We can further express (17) as

T T
minimize,, ., {Hg} — Ar|? + X Z(n — 1)t Z h(n)} ; (18)

t=3 t=2
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Algorithm 1 Dynamically-Binned Rate Deconvolution: Solving (10) with n =1
Given the signal 7 and the calcium decay in a time step v, do:

1. Calculate j = (I — 71717) 7.

2
2. Set the step size s = % (f_%) ,and A = (I - %1T1;) D!

3. Initialize r € RZ.

4. Tterate until convergence:
(a) Let & < r+2sA" (g — Ar).
(b) Let r + argmin,. {%Hf — 2 A | — rt_1|}.
(¢) Let ry < (ry)y fort =2,...,T.

5. Let By = £(17)" (y — D~ 'r).

with

0 ifr>0
h _ ’ - 19
(r) {oo, if r <O. (19)

This allows us to express the objective function in (17) as f(r) + g(r) where

T T
Fr) = 11§ — AP + Y (re —re1)? and g(r) = Y h(re). (20)
t=3 =2
—2AT (y Ar) 4+ 2XZr is Lipschitz continuous with Lips-

Proposition 6. The function V f(r)
1—y

chitz constant L satisfying L < 2( , where

7)? +4A(1
(1-

-1, if|i—j|:1andi—|—j>3
2, ifi=jand2<i<T

L L (21)
1, ift=3=2o0ri=5=T

ivj =

0, otherwise

We note that ZtT:g(rt —1,_1)?> =7 Zr. Proposition 6 is proven in Appendix E.

Proposition 7. For any s > 0, the solution to the optimization problem

T
1
minimize,, ., {§||T’ —Z|*+s Z h(T)} (22)
t=2

is giwen by ry = max(Zy,0) fort=2,...,T and ry = Z;.

Proposition 7 is straightforward and the proof is omitted. Propositions 2, 6 and 7 lead to
Algorithm 2 for solving (17).

In Appendix F we consider solving (10) with n = 2 in the absence of the non-negativity
constraint on 7.
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Algorithm 2 Continuously-Varying Rate Deconvolution: Solving (10) with n = 2

Given the signal 7 and the calcium decay in a time step v, do:

—_

. Calculate g = (I — £1717) 7.

1 (1—9)? . 1 T 7
2 oy ad A= (I - zlrlp) D7

2. Set the step size s =
3. Initialize r € RY.
4. Tterate until convergence:

(a) Let 7+ r+2sAT (g — Ar) — 2s\Zr.
(b) Let ry < (ry)y fort =2,...,T.

Let By = £(1r)T (- D).

ot

4 Results on Simulated Data

4.1 Evaluation of Algorithms 1 and 2

Here we evaluate the performances of Algorithms 1 and 2 on simulated fluoresence data generated
from randomly drawn rate traces. We measure the difference between the true rate r and the

deconvolved rate r¢ as

T
1
err(r, r®") = 71 Z |ry — re®|. (23)
t=2

Since the solution to (10) is unique only up to a contant shift (see Proposition 3), we compute (23)
after subtracting the mean from both r; and r¢ for t =2,...,T.

We begin by generating 500 random piece-wise constant rate traces and 500 random continuous
rate traces, and use those to calculate calcium and fluorescence traces (details are given in Appendix
G; see Figures 2A, 2B, 2D, 2E). We used Algorithms 1 and 2 to deconvolve the fluorescence traces
generated from piece-wise constant and continuous rates, respectively.

For each fluorescence trace, we performed the deconvolution for a range of values of the penalty
A and the decay rate . For each pair of A and 7, we calculated the average error (23) across all
500 simulated data sets, as well as the average of Zthd |ry — ry_1]™. The results are summarized in
Figure 2C and 2E.

Our results indicate that deconvolving the rate using the original calcium decay constant -~y
indeed yields the lowest error for most values of the penalty .

4.2 Comparisons with Other Methods

We compare our algorithms’ performances to those of other approaches that can be used to analyze
wide-field calcium imaging data.

1. First Differences Deconvolution. This method assumes that the calcium is represented di-
rectly by the fluorescence. Hence, the rate can be found by assuming ¢ =7 in (4), yielding

e =71, — VY fort =2,... T. (24)

8
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Figure 2: Deconvolution of the fluorescence signal into spiking rate. A—C. Dynamically-binned
deconvolution. A B. Underlying piece-wise constant rate (light green) was created by the random
process described in Appendix G. The rate was transformed, using the model (4), into the un-
derlying calcium trace (dark blue). White noise and a constant shift were added to the latter to
create the noisy fluorescence signal (blue, plotted here without the shift). Algorithm 1 was used
to estimate the spiking rate. The resulting estimated rate (dark green) successfully recovers the
underlying rate. The estimated rate was used to estimate the underlying calcium trace (purple)
using (4). C. Error of the deconvolution algorithm, using (23) and a range of values of v and A,
averaged over 500 simulated data sets. D-F. Continuously-varying rate deconvolution. Algorithm
2 was used to estimate the spiking rate; details are as in A—C.

In the special case of 7 = 1, this method is equivalent to estimating the rate by computing
the first differences of the observed fluorescence. We used a moving average window to
smooth the resulting estimated rate, and added a mean shift to the result in order to avoid
negative rates. This method is a natural and simple alternative to our approach: it bypasses
estimation of the underlying calcium, and replaces the penalties in (7) and (8) with a simple
post hoc smoothing.

2. Lucy-Richardson Deconvolution. This iterative algorithm was originally used in astrophysics
to restore the light source from a filtered blurred image (Lucy 1974, Richardson 1972). It
assumes that the blurring is a result of a convolution by a filter f and additive noise. The
algorithm maximizes the likelihood of the original image and the denoised image, assuming
the noise has a Poisson distribution. In wide-field calcium imaging, this approach has been
applied with a one-dimensional filter given by f; = v' (Wekselblatt et al. 2016). To improve
performance, we smooth the results using a moving average. The algorithm guarantees
non-negativity of the estimated rate.

We compare the above methods and Algorithms 1 and 2 by simulating continuously-varying
spiking rates (Appendix G) and measuring the errors (23) of the deconvolved rates. Results are
shown in Figure 3 for a range of values of v and A, averaged over 500 simulated data sets. We also
measured the fluctuation in each of the deconvolved rate traces by

¢(r) = Z(Tt — 1)’ (25)

t=3
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which is the penalty used in (10) with n = 2.

We find that both the first differences and Lucy-Richardson approaches perform best when
the true value of « is used (Figures 3B and 3D). However, the best results for the first differences
approach are achieved with larger fluctuations (i.e. larger values of the penalty in (25)) compared to
other methods (Figures 3B and 3E). This is also evident from inspecting the best deconvolved rate
for the example trace (Figure 3A). Lucy-Richardson achieves the best fit with fewer fluctuations
(Figure 3D), which results in a smoother deconvolved rate (Figure 3C).

Figure 3E indicates that our continuously-varying spiking rate algorithm performs the best,
with the smallest error and the smallest fluctuations at its minimum error (with v = 0.95 and A =
2750). Lucy-Richardson comes in second, just ahead of our dynamically-binned algorithm, and far
ahead of the first differences method. When we simulated data with a piece-wise constant spiking
rate (not shown), our dynamically-binned algorithm performed the best, with Lucy-Richardson
second and just ahead of our continuously-varying algorithm, and the first differences method
once again far behind.

Last, we calculated the correlations of the deconvolved rate traces, the underlying calcium, and
the fluorescence with the underlying rate traces. We see in Figure 3F that all deconvolution meth-
ods yield substantially better estimates of the underlying rate than simply using the underlying
calcium or observed fluorescence.

7]
o —_— lyi t
2 :nder y|r||g r: et 2 4/—Dyn. Binned
o 25 econvolved rate o <] — Continuous
& o &2 3 First Diff.
&£ i © —L.R.
a ) o
2 0.94 5 2
= .945
“ % ol—original 0.95 o
c D 3
s 30 _..CS 11 @ minimum
[T}
B = 0.1 1 fluctuations 10
S 20, S rad N .
S = s, correlation with underlying rate
[ [0} £ 17
3, 104 3 09+
§ = 08! ’—‘
0 10 20 30 40 50 0.1 1 contin- L.R. dyn.  first cal- fluore-

time[sec] fluctuations uous binned diff. cium scence

Figure 3: Deconvolution using competing approaches. A—B. Deconvolution of continuously-varying
spiking rate using the first differences method. A. An example: Underlying continuous rate (light
green) and estimated rate using the first differences method (dark green). The example was
generated using the parameter set that yields the lowest average error for this method. B. Error
of the first differences method quantified using (23). The x-axis displays the fluctuations in the
estimated rate defined in (25). We used a range of v values and a variety of smoothing window
lengths. C-D. Similar to A-B but for the Lucy-Richardson (L.R.) method. E. Comparisons of
Algorithms 1 and 2 with other methods. F. Correlation of the underlying rate with the deconvolved
rate achieved by our algorithms, other methods, or the underlying calcium or fluorescence.
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5 Results on Recorded Data

5.1 Whole Dorsal Surface Recordings

Here we evaluate the performances of Algorithms 1 and 2 and the first differences and Lucy-
Richardson deconvolution methods on a dataset described in Musall et al. (2018). The dataset
consists of fluorescence traces recorded simultaneously at 20Hz from the whole dorsal surface of
a genetically encoded GCaMP6s mouse. During the one-hour recording, the mouse performed
multiple trials of some task. Dimension reduction (Musall et al. 2018), hemodynamics removal
(Wekselblatt et al. 2016), and AF/F transformation were performed on the traces. Qualitatively
similar results are achieved after performing only a AF/F transformation prior to deconvolution
(not shown).

In this data set, because the true spiking rate is unknown, we split each recorded fluorescence
trace ¥ = (Y, Ya,---,yp) into “odd” and “even” traces, y"dd = (yl,y3,...,yT,1) and gt =
(U9, Uy - - -, Up). We then deconvolve the odd trace 7°% to estimate the spiking rate 7°¢* and the

intercept, Bgdd =2 1T r (o4 — D=1predd)  To calculate D, defined in Section 2.2, we use v = 0.95,

the estimated decay (Chen et al. 2013) for GCaMP6s mice at the 10Hz frequency corresponding
to the “odd” and “even” traces.

Next, we apply the second line in (4), adapted to the odd observations, in order to compute
e according to €2 = ycodd + 04 for t = 1,3,5,...,T — 1. We then apply the first line in (4) to
compute

T/2

—even —o —even Odd —o0
err(y , C dd) = T (maX( mln Z | CQtdﬂl . (26>

The four different deconvolution methods were applied for a range of tuning parameter values.
We find that Algorithm 2 results in the smallest error out of all methods; see Figure 4J. The first
differences method as well as Algorithm 1 result in very similar performances, while the latter has
less fluctuation in the deconvolved rate (see (25)); this can be seen in Figures 4E-J.

5.2 Parallel Wide-Field and Spike Recordings

Here we compare the performances of Algorithm 1, Algorithm 2, first differences and Lucy-
Richardson on parallel recorded spiking data described in Clancy et al. (2019). The data consists
of the number of spikes recorded from a multi-channel silicon probe in V1 in each 25ms bin and,
simultaneously, a fluorescence trace recorded from the same location at 40Hz. A AF/F transfor-
mation was applied to the fluorescence trace after recording. We note that the probe detects only a
subset of the spikes that contribute to the calcium fluorescence. To test the different deconvolution
methods, we use the rate of the detected spikes as an estimate of the underlying spiking rate.

To evaluate the methods, we calculated the difference between the deconvolved and the recorded
spike rates (23), after dividing each spike rate by its standard deviation.

A decay rate of ¥ = 0.97 has been reported in the literature (Clancy et al. 2019, Chen et al. 2013)
for GCaMP6f mice recorded at 40Hz. We investigated a range of values of v and found that all
methods attained the lowest error (23) with v = 0.975 except Lucy-Richardson, which attained the
lowest error with v = 0.98. We also found that the Lucy-Richardson method attained its lowest
error when its fluctuation (defined in (25)) is quite small, Figure 5D. This agrees with results
shown in Figures 4G and 4J. The smallest error, across all methods and parameter values, was
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Figure 4: Deconvolution of recorded data from Musall et al. (2018). A. An example of a fluo-
rescence trace recorded from a pixel during a single trial. B. Schematic of a whole dorsal surface
wide-field view. White circles indicate the locations of pixels from which fluorescence traces were
recorded. The example in A was taken from the pixel circled in blue. C. A fluorescence trace
created by extracting from A. the odd time points. D-G. Deconvolution of the fluorescence trace
in C. into spiking rate using the D. dynamically-binned algorithm (Algorithm 1), E. continuously-
varying algorithm (Algorithm 2), F. first differences method, and G. Lucy-Richardson method.
The rates in D-G are displayed with tuning parameters selected to minimize the error in J. H.
The “even” trace from A is displayed alongside the results of convolving the spiking rates in D-G
obtained from the “odd” trace. J. The relative error between the “even” fluorescence trace and
the convolved calcium from the deconvolved spiking rate using the “odd” fluorescence trace (26).
The error is displayed as a function of the normalized fluctuations, defined by (25) divided by
max(r°@)2, Different fluctuation levels and errors were achieved by varying A for the dynamically-
binned and continuously-varying algorithms, and by varying the smoothing window for the first
differences and Lucy-Richardson methods. Larger fluctuation values correspond to lower values
of A and smaller smoothing windows. When A\ = 0, no smoothing occurs; this corresponds to the
right-hand side of the figure. Results were averaged across traces from all 10 pixels highlighted in
B., and 100 trials for each pixel. All fluorescence traces were shifted to have only positive values
prior to performing the Lucy-Richardson method.
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achieved by the dynamically-binned algorithm, shown in Figure 5D. Comparable error values were
achieved by the continuously-varying and Lucy-Richardson methods.

A Recorded vs. Deconvolved Spiking Rate D
fluorescence —continuous —first diff. i Dynamically-Binned ii Continuously-Varying
—spiking rate —dyn. binned —L.R. 9 v
88 /
’/ PY:
— .96
86 — .965
0.1 0.2 0.2 0.3 .97

error

iii iv Lucy-Richardson —.975
9 —.98
\/ 985
88 / R —.99

. 0.1 0.2 ) 0.04 0.06
time[sec] fluctuations

Figure 5: Deconvolved spiking rate compared with recorded spiking rate. A. An example of spiking
rate (black) recorded in parallel to the fluorescence (gray), along with the rates estimated by the
four deconvolution methods. Tuning parameters were selected to yield the lowest error (23). B.
Enlarged regions from A for (i) 0-10 sec and (ii) 42-52 sec. C. Deconvolved spiking rate (shades
of turquoise) calculated using different calcium decay values, 7, to deconvolve the fluorescence
trace (gray) for (i) 0-10 sec, and (ii) 42-52 sec, used for the dynamically-binned algorithm. D. The
error (23) between the recorded spiking rate and the estimated spiking rate obtained using (i) the
dynamically-binned algorithm, (ii) the continuously-varying algorithm, (iii) first differences, and
(iv) Lucy-Richardson. For each of the methods, the error was calculated for a range of tuning
parameter values. Larger fluctuation values, defined in (25), correspond to lower values of A for
Algorithms 1 and 2 and smaller smoothing windows for first differences and Lucy-Richardson
methods. Results were averaged across 75 traces, each of which was 60 seconds long.

6 Discussion

In this paper, we have proposed two new approaches for estimating the spike rate from wide-
field calcium imaging data. The first approach assumes that the true spike rate is piece-wise
constant with bins that must be dynamically estimated from the data, whereas the second assumes
that the true spike rate varies continuously. We have shown that these approaches outperform
existing approaches for spike rate estimation from wide-field calcium imaging data on two data
sets. Furthermore, they perform well regardless of whether a simple AF/F transformation is
performed, or whether hemodynamics removal and dimension reduction are also performed.

In many data sets, multiple fluorescence traces are available from nearby brain regions. The
approaches proposed in this paper analyze each fluoresence trace separately, without exploiting
the presence of multiple traces. We leave to future work the development of an approach for spike
rate estimation that more accurately estimates the spike rate by carefully modeling the spatial
dynamics among the fluorescence traces.
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7 Code Availability

Our code is available at https://github.com/meravstr/Wide-Field-Deconvolution.
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A Proof of Proposition 2

Lemma 1. Let A= PD™', §j = Py with P = — 21717 and By = = 3., (5, — (D~'r),). Then,
17— 178y — D7'r||* = ||y — Ar|.

Proof of Lemma 1. Since PTP = P and Plp = 0, it follows that

_ B = — T 1 1 _ = _
17— 128y — D¢ ||* = (¥ — 128, — D~ ') (I — TITI; + T1T1;> (¥ — 178y — D7'r)
71

_ = — T _ = — _ - _ _ - _

= (y — 1By — D 17") P'P (y — 178, — D 17") + (y —178,—D 17“) flTlg (y — 178, — D 17’)
. I, = _ -

=g = Arll* + Zl177 = 171080 — 1p.D 7| = [l — Ar|*.

The last equality follows from the fact that 177 — 15178, — 1.D~'r = 0. O

Proof of Proposition 2. Taking the derivative of (10) with respect to B, and setting it equal to
zero, we find that §, = %Zle(yt — (D7'r),). The result follows from Lemma 1. O

B Proof of Proposition 3

Proof of Proposition 3. Proposition 2 states that 7 is a solution to (10) if and only if it is also a
solution to (11). Hence, # minimizes the objective function f(r) = ||§ — Ar[|> + A X1y |re — r11]™
Therefore, any 7 that satisfies f(7) = f(#) with 7, > 0 for ¢ = 2,...,T is a solution to the
optimization problem (10) as well.

.....

In addition, A3, 4 |7, — 71| = A4 |7+ — 71| So to show that f(7) = f(7), it suffices to
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show that ||g — A7||*> = ||g — A7||*. We will do so by choosing an appropriate value for 7. In
particular, notice that

lg — AF|]? :Z (ﬂt - Z (A7) ) Z (yt Agar — Z [Arj (75 + d)])

t=1 j=1 t=1
T

T T T T 2
=P Y AN =20 A (yt > Ay, (7 + d)] ) +) (yt D A (7 + d)]) :
7j=2

t=1 t=1

So it suffices to find the value of 7, for which (27) equals ||§ — A7||*>. We observe that (27) is
quadratic in 7. We define

o>
Il
|
DO
(]~
=
N
$z
|
-
=
&,
kﬁ>
+
&
~_

=) (?Jt = A (7 + d)]) — |lg — Ar|]%.

A solution exists provided that b? — 4ac > 0, in which case 7, = —tEvl-—dac W. Defining ¢(d,7) =
b? — 4ac, the proof is complete.

C Proof of Proposition 4

Equation (4) implies that
t
a=3 1" (28)
=1
Since ¢ = D~'r, we find from (28) that the entries of D~! are given by
0, ifi<j
(D‘l)ij =1q1, ifi=7. (29)
VI if i >

Lemma 2. max;—__r {ZT . (D_l)i’j} = 1=

1=

Proof. From (29),

- -1 i—j . T—j 1 - ’YT
max;—i,. T {Z (D )”} = max;___ {27 } = ny = —

j=1 7j=1

where the last step was calculated using the expression for the sum of a geometric series. O]
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Following the same reasoning, one can also show that max;—; _r {ZiT:l (D‘l)ij} = 11_:*7 )

Proof of Proposition 4. The Lipschitz constant of —2AT ( — Ar) is given by the largest eigenvalue

of 2AT A (Bubeck et al. 2015). To find it, it is convenient to first explore the largest eigenvalue

of (DY) D=1, which is a symmetric matrix with positive real entries. By the Perron Frobenius
Theorem and Lemma 2, we can bound its largest eigenvalue by its largest single row sum:

e ((07)7 D7) < s 373 (01, (07, = s Y (071, (32 (01,

Jj=1 k=1 k=1 j=1

o, (1) < (1)
k=1 SN VAN

We recall that A = PD™" and we observe that PTP = P, where P = (I — $1717), with I the
identity matrix and 1717 a T x T matrix of ones. Together with (30) and Rayleigh quotient
properties, the following holds for any vector wu:

(30)

M=

< max;

u'u u'u Tu T ulu

u'2AT Au u" (DY) PD ' _y [uT (D) D 1 uTlTlgu]
u

(31)
2 [ 17ul?

< 2Dmax <<D_1)T D_1> T uTu

<20 (D7) D7),

Since the above inequality holds for any vector w, including the eigenvector associated with the
largest eigenvalue of 2AT A, it follows that

T _ 1 2
Ao {247 A} < 270 ((D*l)T D*l) <9 (7 > . (32)
v—1
2
Hence the Lipschitz constant of Vf(r) = —2A" (§ — Ar) is bounded above by L < 2 (T_”’f) )
O
D Proof of Proposition 5
We will make use of the generalized sign, the subdifferential of the ¢; norm, defined as
—1 if 2<0
sign (z) = ¢ a for some a € [-1,1] if 2=0 (33)
1 if 2> 0.
When z is a vector, the operation sign(z) is applied componentwise.
Proof of Proposition 5. The solution 7 to (15) satisfies the optimality condition
0€r—a+s\C sign(Cr), (34)
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where C'is a (T — 2) x T matrix defined as

0 -1 1 0 0 0
0 0 -1 1 0 0
o 0 0 0 ... =11

Furthermore, 7 is a solution to (16) if and only if there exists some f such that the pair (7, f1)
satisfies the Karush-Kuhn-Tucker optimality conditions (Boyd & Vandenberghe 2004), given by

0€r—a+s\C sign(Cr) — p, (35

r >0, t=2....T, (36
H’tZO; t:2,...,T, (37
Tt/Lt:O, t:2,...,T, (38

)
)
)
)
)

where 1 = 0. To complete the proof, we will show that 7, = max(7,0) and g; = — min(7, 0
satisfy (35)-(38).

The fact that 7, and fi; satisfy (36)—(38) follows by inspection. It remains to show that 7; and
fi; satisfy (35). Notice that 7, = 7, — fi;. Therefore, because 7 solves (15), it follows directly from
(34) that

0 €7 — 7+ sAC "sign(CF) — . (39)

Inspection of the matrix C' reveals that the elements of C7 are of the form 7,5 —7,,1. Furthermore,
it is straightforward to show that (i) 740 — 7411 > 0 implies that 7 0 — 71 > 0; (ii) P — 71 <0
implies that 710 — 711 < 0; and (iii) 7440 — 7441 = 0 implies that 79 — 7oy = 0. Therefore,
sign(C7) C sign(C7). Combining this with (39) directly implies that the pair (7, i) satisfies (35).
]

E Proof of Proposition 6

Proof of Proposition 6. The Lipschitz constant of the function —2AT (§ — Ar) 4+ 2\Zr is given by
the largest eigenvalue of 2AT A + 207 (Bubeck et al. 2015). Since AT A and Z are symmetric and
real, the largest eigenvalue, A .., of their sum is bounded by the sum of their largest eigenvalues:

Amax (2ATA+202) < 20 pax (ATA) + 22X\ (2) - (40)

It is not hard to show that Ay.. (Z2) < 4.

: . : . . (1—7T)2+4>\(1—“/)2
Together with (32) and (40), it follows that the Lipschitz constant L satisfies L < 2 :

(1)

F Analytic Solution for the Continuously-Varying Spike-
Rate Problem without Non-Negativity Constraints

We consider problem (10) with n = 2 and without the non-negativity rate constraint, meaning the
problem

T
minimize,, .. {Hg — AP N (- rt1)2} . (41)

t=3
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This problem can be solved analytically by computing V f(r) = 0, with f(r) = ||j — Ar||> + X\rT Zr
and Z defined in (21), yielding:

—2AT(§ — Ar) +2XZr = 0. (42)

The solution takes the form

r=(ATA+2Z)" ATy (43)
where (ATA + )\Z)+ denotes the pseudo-inverse of AT A + \Z.

G Simulation Detalils

G.1 Piece-wise Constant Rate

We generated changepoints for the rate from a discrete Unif.(0,50) distribution. Between each
pair of changepoints, we generated the rate from a N (0, 10?) distribution. We then made the rate
trace nonnegative by subtracting out its minimum value.

We generated the underlying calcium trace ¢ from the rate trace r by calculating ¢ = D~ 1r,
where we used v = 0.95 in constructing D! (29). The value v = 0.95 was estimated as the decay
of the calcium in Geamp6s across 100 milliseconds (Chen et al. 2013).

We made use of only the last T = 600 timepoints of the calcium and the rate traces we
generated, so that ¢; # ry, as is the case in a real experiment in which the activity before the first
measured point is unknown.

Finally, we generated the observed florescence trace 7 using the model (4) with noise variance
7% = 0.1 (max(¢) — min (¢)), and intercept B, = —+ S Ty + Brpas Where
Brna ~ Unif. (0,0.1 (max(y) — min (7))).

G.2 Continuously-Varying Rate

We generated continuous rate traces by integrating the neural network given by the equation
‘fl—f = —z + Jtanh(x), where z is a vector of size N = 1000, and J is an N x N matrix with i.i.d.
entries J;; ~ N(0,4/N). These choices led to chaotic dynamics (Sompolinsky et al. 1988). We
sampled the activity of z; every 0.5 time steps for 600 steps (resulting in 7" = 1200 time points).
To ensure non-negativity of the rate trace, we subtracted out the minimum activity.

Given the rate trace, we then repeated the steps detailed in Appendix G.1 to generate the

calcium and fluorescence.

H Additional Data Analysis

We now re-analyze the fluorescence data of Clancy et al. (2019), originally studied in Section 5.2,
without making use of the true spiking rate. This analysis is valuable because in this data set
only AF/F was performed prior to deconvolution. This is in contrast to the fluorescence data
of Musall et al. (2018) studied in Section 5.1, on which hemodynamics removal and dimension
reduction were also performed.

The results, displayed in Figure 6, generally agree with those found in Figure 4J of Section 5.1.

In fact, in a number of other data sets processed using only AF'/F', we found that our algorithms
gave good results (results not shown). This suggests that it is not necessary to perform dimension
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reduction before our algorithms are applied; furthermore, it may be preferable and more natural
not to do so.

3 Error
10}
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First Differences
r = Lucy-Richardson
@ minimum
’ \/

.002
10° \\“,/‘

10 10
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~

Figure 6: Deconvolution of recorded data from Clancy et al. 2019. This analysis did not make use
of the recorded spike rate: only the fluorescence data was used. More details about this figure are
provided in Figure 4J.

References

Aimon, S., Katsuki, T., Grosenick, L., Broxton, M., Deisseroth, K. & Greenspan, R. J. (2015),
‘Activity sources from fast large-scale brain recordings in adult drosophila’, bioRxiv p. 033803.

Allen, W. E., Kauvar, I. V., Chen, M. Z., Richman, E. B., Yang, S. J., Chan, K., Gradinaru, V.,
Deverman, B. E., Luo, L. & Deisseroth, K. (2017), ‘Global representations of goal-directed
behavior in distinct cell types of mouse neocortex’, Neuron 94(4), 891-907.

Boyd, S. & Vandenberghe, L. (2004), Convex Optimization, Cambridge University Press.

Bubeck, S. et al. (2015), ‘Convex optimization: Algorithms and complexity’, Foundations and
Trends® in Machine Learning 8(3-4), 231-357.

Chen, T.-W., Li, N., Daie, K. & Svoboda, K. (2017), ‘A map of anticipatory activity in mouse
motor cortex’, Neuron 94(4), 866-879.

Chen, T.-W., Wardill, T. J., Sun, Y., Pulver, S. R., Renninger, S. L., Baohan, A., Schreiter, E. R.,
Kerr, R. A.; Orger, M. B., Jayaraman, V. et al. (2013), ‘Ultrasensitive fluorescent proteins
for imaging neuronal activity’, Nature 499(7458), 295.

Clancy, K. B., Orsolic, 1. & Mrsic-Flogel, T. D. (2019), ‘Locomotion-dependent remapping of
distributed cortical networks’, Nature Neuroscience p. 1.

Condat, L. (2013), ‘A direct algorithm for 1-d total variation denoising.’, IEEE Signal Process.
Lett. 20(11), 1054-1057.

Friedrich, J., Zhou, P. & Paninski, L. (2017), ‘Fast online deconvolution of calcium imaging data’,
PLoS Computational Biology 13(3), €1005423.

19


https://doi.org/10.1101/2020.02.01.930040
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.01.930040; this version posted March 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Hoefling, H. (2010), ‘A path algorithm for the fused lasso signal approximator’, Journal of Com-
putational and Graphical Statistics 19(4), 984-1006.

Jewell, S., Hocking, T. D., Fearnhead, P. & Witten, D. (2019), ‘Fast nonconvex deconvolution of
calcium imaging data’, Biostatistics .
URL: https://doi.org/10.1093/biostatistics/kzy083

Jewell, S. & Witten, D. (2018), ‘Exact spike train inference via ¢, optimization’, The Annals of
Applied Statistics 12(4), 2457.

Kalchenko, V., Israeli, D., Kuznetsov, Y. & Harmelin, A. (2014), ‘Transcranial optical vascular
imaging (tovi) of cortical hemodynamics in mouse brain’, Scientific Reports 4, 5839.

Lucy, L. B. (1974), ‘An iterative technique for the rectification of observed distributions’, The
Astronomical Journal 79, T45.

Makino, H., Ren, C., Liu, H., Kim, A. N., Kondapaneni, N., Liu, X., Kuzum, D. & Komiyama, T.
(2017), ‘Transformation of cortex-wide emergent properties during motor learning’, Neuron

94(4), 880-890.

Mann, K., Gallen, C. L. & Clandinin, T. R. (2017), ‘Whole-brain calcium imaging reveals an
intrinsic functional network in drosophila’, Current Biology 27(15), 2389-2396.

Masino, S., Kwon, M., Dory, Y. & Frostig, R. (1993), ‘Characterization of functional organiza-
tion within rat barrel cortex using intrinsic signal optical imaging through a thinned skull’,
Proceedings of the National Academy of Sciences 90(21), 9998-10002.

Musall, S., Kaufman, M. T., Gluf, S. & Churchland, A. K. (2018), ‘Movement-related activity
dominates cortex during sensory-guided decision making’, BioRxiv p. 308288.

Parikh, N., Boyd, S. et al. (2014), ‘Proximal algorithms’, Foundations and Trends®) in Optimiza-
tion 1(3), 127-239.

Pnevmatikakis, E. A., Soudry, D., Gao, Y., Machado, T. A., Merel, J., Pfau, D., Reardon, T.,
Mu, Y., Lacefield, C., Yang, W. et al. (2016), ‘Simultaneous denoising, deconvolution, and
demixing of calcium imaging data’, Neuron 89(2), 285-299.

Richardson, W. H. (1972), ‘Bayesian-based iterative method of image restoration’, JOSA 62(1), 55—
99.

Silasi, G., Xiao, D., Vanni, M. P.; Chen, A. C. & Murphy, T. H. (2016), ‘Intact skull chronic
windows for mesoscopic wide-field imaging in awake mice’, Journal of Neuroscience Methods
267, 141-149.

Sompolinsky, H., Crisanti, A. & Sommers, H.-J. (1988), ‘Chaos in random neural networks’, Phys-
ical Review Letters 61(3), 259.

Swanson, R., Basu, J. & Buzsaki, G. (2018), ‘Investigating hippocampo-cortical dialogue using
wide-field calcium imaging and electrophysiology in vivo’, Soc. For Neuroscience Meeting .

Tibshirani, R. (1996), ‘Regression shrinkage and selection via the lasso’, Journal of the Royal
Statistical Society: Series B (Methodological) 58(1), 267-288.

20


https://doi.org/10.1101/2020.02.01.930040
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.01.930040; this version posted March 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Tibshirani, R. J., Taylor, J. et al. (2012), ‘Degrees of freedom in lasso problems’, The Annals of
Statistics 40(2), 1198-1232.

Tibshirani, R., Saunders, M., Rosset, S., Zhu, J. & Knight, K. (2005), ‘Sparsity and smoothness
via the fused lasso’, Journal of the Royal Statistical Society: Series B (Statistical Methodology)
67(1), 91-108.

Vogelstein, J. T., Watson, B. O., Packer, A. M., Yuste, R., Jedynak, B. & Paninski, L. (2009),
‘Spike inference from calcium imaging using sequential monte carlo methods’, Biophysical
Journal 97(2), 636-655.

Wekselblatt, J. B., Flister, E. D., Piscopo, D. M. & Niell, C. M. (2016), ‘Large-scale imaging of
cortical dynamics during sensory perception and behavior’, American Journal of Physiology-
Heart and Clirculatory Physiology .

21


https://doi.org/10.1101/2020.02.01.930040
http://creativecommons.org/licenses/by-nc-nd/4.0/

