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Fundamental understanding of higher cognitive functions can greatly benefit from imaging of cortical activity
with high spatiotemporal resolution in the behaving non-human primate. To achieve rapid imaging of
high-resolution dynamics of cortical representations of spontaneous and evoked activity, we designed a novel
data acquisition protocol for sensory stimulation by rapidly interleaving multiple stimuli in continuous sessions
of optical imaging with voltage-sensitive dyes. We also tested a new algorithm for the “temporally structured
component analysis” (TSCA) of a multidimensional time series that was developed for our new data acquisition
protocol, but was tested only on simulated data (Blumenfeld, 2010). In addition to the raw data, the algorithm
incorporates prior knowledge about the temporal structure of the data as well as input from other information.
Herewe showed that TSCA can successfully separate functional signal components from other signals referred to
as noise. Imaging of responses to multiple visual stimuli, utilizing voltage-sensitive dyes, was performed on the
visual cortex of awake monkeys. Multiple cortical representations, including orientation and ocular dominance
maps as well as the hitherto elusive retinotopic representation of orientation stimuli, were extracted in only
10 s of imaging, approximately two orders of magnitude faster than accomplished by conventional methods.
Since the approach is rather general, other imaging techniques may also benefit from the same stimulation pro-
tocol. Thismethodology can thus facilitate rapid optical imaging explorations inmonkeys, rodents and other spe-
cies with a versatility and speed that were not feasible before.

© 2013 Published by Elsevier Inc.
Introduction

In-vivo functional imaging techniques covering a wide range of spa-
tial and temporal scales have greatly facilitated exploration of the rela-
tionships between cognition, behavior, and electrical brain activity. This
group of techniques includes electroencephalography (EEG), magneto-
encephalography (MEG), positron emission tomography (PET), capillary
intrinsic signals, voltage-sensitive dye imaging (VSDI), electrode array
recordings, calcium imaging, functional magnetic resonance imaging
(fMRI), NADH and flavoprotein imaging (Adrian and Matthews, 1934;
Campbell et al., 1989; Denk et al., 1990; Grinvald et al., 1977, 1984;
Hashimoto et al., 2000; Kuhl et al., 1975; Ogawa et al., 1990; Salzberg
et al., 1977; Shibuki et al., 2003; for remarkable imaging at the single
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sis; PCA, principle-component
, signal to noise ratio; ECG,
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cell level see a recent review by Scanziani and Häusser, 2009). In mam-
mals, the neocortex plays a preeminent role in generating sensory
perception, controlling voluntary movements, carrying out higher cogni-
tive functions, and planning goal-directed behaviors. These remarkable
functions of the neocortex cannot be explored in simple model prepara-
tions or in anesthetized animals. The neural basis of behaviormust be ex-
plored in awake, behaving subjects. Because neocortical function is
dynamic on the millisecond time scale, the spatiotemporal dynamics of
cortical activitymust bemeasured in real timewithmillisecond temporal
resolution. VSDI reveals themembrane-potential dynamics of the neocor-
tical population atmillisecond temporal resolution and subcolumnar spa-
tial resolution.

Analysis

Datasets obtained by multichannel techniques from awake ani-
mals are often hard to analyze. Two fundamental difficulties can be
identified (Mitra and Pesaran, 1999). First, the signal of interest is
often contaminated, for various technique-specific reasons, by strong
noise which is intensified in the awake animal. Second, there are dif-
ficulties associated with the analysis of any high-dimensional dataset.
In particular, visualization in more than three dimensions is tricky;
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fitting a statistical model to the data is difficult because the number
of parameters, grows exponentially with the dimensionality of the
problem; and standard tools for analysis that are useful in one dimen-
sion become less useful in higher dimensions. With many techniques
it is possible to improve the rawdata by the use of advanced image pro-
cessing approaches such as principal components analysis (PCA) and
independent-component analysis (ICA) or their variants, or other useful
analytic methodologies, some of which require a specific stimulation
design (Chen et al., 2012; Engel et al., 1994, 1997; Everson et al., 1997,
1998; Fekete et al., 2009; Gabbay et al., 2000; Kalatsky and Stryker,
2003; Kalatsky et al., 2005; Mitra and Pesaran, 1999; Ribot et al.,
2006; Sereno et al., 1995; Sornborger et al., 2005; Yokoo et al., 2001;
Siegel et al., 2007). Many of these methods, including PCA and ICA, de-
compose the data into a set of basis vectors. Ideally, though usually not
in practice, some of the basis frames can be identified with the signal,
while others can be identified with the noise, allowing the signal to be
separated from noise. Within this class of methods, PCA (e.g. Jolliffe,
2002) is the simplest. While this method is highly successful in dimen-
sionality reduction, it often performs poorly in signal separation. The
“Fourier-based” optical imaging of slow intrinsic signals, introduced
by Kalatsky and Stryker (2003) and Kalatsky et al. (2005), offers a
large improvement in signal-to-noise ratio (SNR). Recently, a similar
approachwas also successfully used for VSDI (e.g. Chen et al., 2012). Ad-
ditional information on advantages and limitations of previously used
methods of analysis is discussed in the Supplementary material (S1).

Voltage-sensitive dye imaging

Optical imaging based on voltage-sensitive dyes (VSD; Grinvald
et al., 1984) is an established method for studying spatiotemporal pat-
terns of cortical representations. It allows the simultaneous recording
of large neuronal ensembles over relatively long periods of time, with
submillisecond time resolution (for a review see Grinvald and
Hildesheim, 2004). Thus, VSDI offers high temporal as well as high spa-
tial resolution (e.g., ~0.1 ms and ~50 μm), and has been successfully
used to study many sensory and motor modalities, mostly in the visual
system (Arieli et al., 1995; Benucci et al., 2007; Chavane et al., 2011;
Chen and Seidemann, 2012; Chen et al., 2006, 2008; Grinvald et al.,
1994; Jancke et al., 2004; Kenet et al., 2003; Orbach et al., 1985;
Petersen and Sakmann, 2001; Sharon and Grinvald, 2002; Tsodyks
et al., 1999) and the somatosensory cortex, (Crochet and Petersen,
2006; Derdikman et al., 2003; Ferezou et al., 2006, 2007; Kleinfeld and
Delaney, 1996; Orbach et al., 1985; Petersen et al., 2003).

Over the years VSDI has been significantly improved, in particular
with regard to rendering the phototoxicity and pharmacological side ef-
fects of the dyes insignificant under the conditions used. Difficulties re-
main, however, in VSDI of dynamic cortical representations in behaving
animals. First, the fractional change of the signal is often very small,
with only 10−4 to 10−3 of the total fluorescence intensity reaching
the detectors (note however, that the most relevant parameter is the
final SNR rather than signal size in terms of fractional change). Never-
theless, signal averaging and image processing are often required in
order to achieve a high SNR. Second, the VSD-dependent neuronal sig-
nal is typically masked by strong non-neuronal signals originating
from heartbeat pulsations and respiratory signals superimposed on it.
These two physiological signals are considered as noise or artifacts in
the sense that they do not reflect neuronal activity. Other types of
noise sources include 0.1 Hz vasomotion artifacts and shot noise. The
large amount of data required for averaging out the noise necessitates
long recording sessions, which impose additional “load” on animal per-
formance in experiments with trained animals. This undertaking, albeit
non-trivial, has proved at least partially successful in awake behaving
monkeys (Ayzenshtat et al., 2010; Chen and Seidemann, 2012; Chen
et al., 2006, 2008, 2011, 2012; Grinvald et al., 1991; Meirovithz et al.,
2009, 2012; Palmer et al., 2012; Reynaud et al., 2011; Seidemann
et al., 2002; Shtoyerman et al., 2000; Sit et al., 2009; Slovin et al.,
2002), as well as in rat and mouse somatosensory cortices (Ferezou
et al., 2006, 2007; Petersen et al., 2003). Nevertheless, as with any elab-
orate technology, additional improvements of the SNR are desirable.
Here we describe how a large improvement in the quality of the func-
tional maps was accomplished in 10 s data acquisition.

Methods

Animals

All experiments were carried out under a protocol approved by
the Institutional Animal Care and Use Committee (IACUC), whose
guidelines are consistent with the NIH guidelines. Two adult male
Macaca fascicularis monkeys, SM and MM, were used in this study.
The surgical procedure has been reported in detail previously
(Shtoyerman et al., 2000; Slovin et al., 2002) and is outlined briefly
in the following text.

Head holder and chambers for optical recording
Implantations were performed under sterile conditions. The mon-

keys were anesthetized, ventilated, and provided with an intravenous
catheter. A head-holder and two cranial windows (25 mm internal
diameter) were placed over the primary visual cortex and cemented
to the cranium with dental acrylic cement. Appropriate analgesics
and antibiotics were given postoperatively.

Craniotomy, durotomy, and artificial dura
Several months after the above procedure, the monkeys underwent

craniotomy and the dura mater inside the chamber was resected to ex-
pose the visual cortex. The anterior border of the exposed cortexwas al-
ways 3–6 mm anterior to the lunate sulcus. Typically, the center of the
chamber was 0° 4° below the representation of the vertical meridian in
V1 and 2°–4° lateral to the horizontal meridian. A thin, transparent sil-
icone artificial durawas implanted over the exposed cortex (Arieli et al.,
2002). During the entire imaging period, we opened and cleaned the
chambers two to five times a week, depending on the condition of the
cortex and the dura. Themonkeys were awake during this painless pro-
cedure. Local and systemic antibiotics were applied according tomicro-
biological examinations of the fluids in the chamber. While using
local antibiotics above the artificial dura over the long period (several
months) of VSDI, we did not observe any effects of the antibiotics on
our results. The cortical tissue was never in direct contact with the anti-
biotics and the cortical surface was always carefully washed only with
sterile artificial cerebrospinal fluid (ACSF).

Staining the cortex with VSD

At the beginning of each VSDI session, the monkeys were taken to a
sterile operating room and seated in a primate chair. The chamber was
carefully opened and the artificial dura was removed for staining. The
cortical surface was washed with sterile ACSF. We used a new oxonol
VSD, RH-1916 (a close analog of RH-1691 (Shoham et al., 1999) in
which the paramethoxyphenyl substituent on the rhodanine moiety
was substituted by paramethyl phenyl N-rhodanine). To ensure that
the dye solution (0.2 0.3 mg/ml) was sterile, it was filtered through a
0.2-μm filter. After 2 h of staining, the chamber was reopened and the
cortical surface was washed with ACSF until the solution was as clear
as the ACSF. At the end of the staining the artificial dura was placed
back over the cortex. Hard agar solution was gently poured onto the
real dura in the periphery of the cranial window, and a more dilute
and transparent agar solution was used to fill the chamber, above the
artificial dura. Overall, the staining procedure of the cortex lasted for
~3 h (from the time that the monkey was brought to the sterile room
until it was transferred to the imaging setup). Preparing the monkey
in the imaging setup took another ~30 min. During the entire painless
staining procedure and preparation time for imaging, the monkeys
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were awake and sat calmly in their chairs. No drugswere used to sedate
or calm them at any stage of the staining, preparation for imaging, or
during the imaging itself. One may wonder whether such a long prepa-
ration period prior to the experiment could reduce the animal motiva-
tion to perform the fixation task. In none of the experiments we
encounter such a problem; the animals seem to consider the experience
of an experimental day as a positive experience. The same VSDI prepa-
ration procedure reported here was used in more elaborate behavioral
experiments and monkeys carried out their tasks normally (e.g. Chen
and Seidemann, 2012).

Novel sensory stimulation paradigm

The conventionalmethod for obtaining VSDI data is to use an “episod-
ic type” protocol, namely a pre-stimulus interval to establish a baseline, a
stimulus interval to explore the rapid dynamic of the response of cortical
neurons, a post-stimulus interval tomeasure the off-response or fall time,
and a long inter-stimulus interval to allow the cortex to relax into its nor-
mal state including vascular responses. We observed that the differences
Fig. 1. Stimulus design and raw data: Data from one trial are shown. A: Cortical image taken
tial representative frames of the optical imaging signals (after subtraction of the mean fram
blood vessel and illumination changes. B: Time courses of VSD signals, averaged over all
stimulus-triggered response. Orientation-specific responses are not clearly evident, and req
green, red and purple bars correspond to stimuli orientations 0°, 45°, 90° and 135° respec
the duration of a 10-s imaging trial. Colors represent different stimuli, as in B. D: Stimulu
the pixels that showed preference for 90° stimulus. In red, optical response averaged over
E: The difference between the two responses in D represents the mapping signal.
between cortical responses of VSD signals to full-field orthogonal stimuli
are largest during the first ~50–100 ms of the response (e.g. Figs. 1D,E).
Therefore, to maximize the content of the mapping data in the datasets
presented here we used four stimuli, each lasting only 50–100 ms, with
a minimum inter-stimulus interval of ~150–250 ms rather than 4000–
6000 ms as in the previous episodic method. Using a 50-ms stimulus du-
ration and 150 post-stimulus interval we applied the stimulation 50
times, for a continuous period of ~10 s (Fig. 1B). We usually repeated
the 10-s stimulation session eight times with an inter-session interval of
2.5 s. In this way, for the same number of stimuli as that used in the “ep-
isodic” presentation we maximized the proportion of recorded signals
contributing to the functional maps while at the same time reducing
the imaging duration by at least 20 fold. This was achieved both by
minimizing the stimulus duration and post-stimulus interval and by
improving the SNR (e.g. Fig. 2G). A nonrandomized as well as a ran-
domized order of stimuli presentations were used with this protocol.
Both resulted in nearly similar functional maps. We concluded, howev-
er, that in order to avoid stimulus-dependent adaptation artifacts, ran-
domized order of the stimuli was preferable.
with 540-nm illumination to enhance the blood vessel pattern, along with four sequen-
e). The time is indicated above each frame. No spatial structure is evident, except for
image pixels. The time course exhibits a slow drift and an orientation-independent
uire further processing. Colored bars indicate stimulation times and orientation. Blue,
tively. C: The drift in the spatial phase of the full-field orientation stimuli throughout
s-triggered optical response to a 90° full-field oriented grating (blue), averaged over
the same pixels as in blue when the orthogonal full-field stimulus was presented (0°).



Fig. 2.Maps and time courses obtained in seconds: A: Four single-conditionmaps obtained in response to each of the four switching stimulus orientations of 0°, 45°, 90° and 135°. The data
were divided into time segments. Segments related to the same orientationwere averaged together. For each condition, the pixel-wise response time courseswere normalized relative to
the averaged time course calculated over centers of their preferred domains. Only frames from50 to 200 ms after stimulus onsetwere averaged for each of the single-conditionmaps. B-C:
Angle maps calculated from the four single-condition maps in A using odd (C) and even (B) trials. D: To test reproducibility of the maps, we compared the distance between pinwheel
centers calculated using all trials (white circles), odd trials (blue pluses), and even trials (red pluses). E: The distribution of the distances between pairs of pinwheel centers calculated
using odd and even trials. 86% percent of the pairs distance was found to be one pixel or less (≥ 60 μm). F: Correlation coefficient between the single-condition maps obtained with in-
creasing imaging duration and single-condition maps obtained with the full imaging duration (0°, 45°, 90° and 135°; color coded as in I). Already with ~30 s of net imaging duration a
satisfactory averaged correlation coefficient of ~0.86 is reached. G: Correlation coefficient between every functional map and its orthogonal (blue) and oblique maps (red) as function
of imaging duration. H: Averaged amplitude spectrum of the evoked responses (black) and the averaged amplitude spectrum of the noise (red— long trials with no visual stimulations).
SNR was estimated by computing the z-score at each frequency (Blue trace). The stimulation frequency (5 Hz) shows a z-score of 25. I: Average time courses obtained for all
stimulus-responses at the center of the 90° domains (61 columnar domains of type 90° were averaged for each orientation stimulus; stimuli 0°, 45°, 90° and 135° were color-coded
[see color bars]). As expected, the response amplitude at the 90° columnar domains is largest for the 90° stimulus, smallest for the orthogonal stimulus, and intermediate for the oblique
and obtuse stimulus orientations. Gray shading represents ±1 SEM. Unless otherwise stated (Fig. 9), maps were not filtered in any way except for optimization of the contrast by mild
clipping (resulting in ~10% outliers).
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Behavioral paradigms and visual stimuli

For the new acquisition paradigm presented here, the monkeys
were trained to perform a simple behavioral task: a long fixation
of 11–15 s, either with each eye separately or with both eyes. The
trial started when the monkey fixated within a 2 × 2° window on
a small spot of light (fixation point, 0.1°) throughout the entire
10-s recording trial, until the spot disappeared. At 200 ms following
onset of the fixation point, a stimulus appeared on the screen. Eye
positions were monitored by an infrared eye tracker at 250 Hz
and recorded at 1 kHz (Dr. Bouis Devices, Karlsruhe, Germany).
Whenever the monkey broke fixation the trial was immediately
aborted. Otherwise, the monkey was rewarded with 0.2–0.3 ml of
water or juice.

Visual stimulation
Stimuli were presented on a 21-inch CRTmonitor (SonyGDM-F500)

at 120 Hz, placed 100 cm from the monkey's eyes. We combined our
custom-made imaging software with the VCORTEX software package
(VCORTEX 2.0, NIMH) for controlling behavioral events. The precise
time course of the stimulus was monitored by a photodiode and saved
as an analog channel that was synchronized to the data acquisition.
The stimuli consisted of either full-field concentric rings of flickering
checkers or a drifting grating (contrast, 90%; size, 13 × 13°; spatial fre-
quency, 2 cycles/°; temporal frequency, 2°/s; mean screen luminance
23 cd/m2). To obtain optimal functional maps, the spatial and temporal
frequencies of the stimulus were set according to the previously
reported frequency tuning curves of neurons in the blobs (to obtain
ocular dominance maps) or in the interblobs (to obtain VH maps)
(Born and Tootell, 1991).

For obtaining orientation maps, the visual stimulation consisted
of full-field gratings (presented for 50 or 100 ms) alternated with
an inter-stimulus interval (gray screen, presented for 50 150 ms).
The gratings were shown in one of four orientations, and the orienta-
tion angle was changed between presentations either in a fixed
(0° → 45° → 90° → 135° → 0) or random order. To stimulate the
entire imaged cortical area, the spatial phase of each orientation stimu-
lus was shifted between presentations (e.g. Fig. 1C). The screen back-
ground was kept isoluminant for the entire trial period, including the
period of fixation prior to stimulus onset.



2 Following this framework, it is clear that PCA is bound to fail, because the signal X
and the noise Y contribute to the PCA objective function, sZ2(ψ), in the same manner: a
direction Ψ achieving a high score on the objective function might reflect high power
of the signal in this direction, high power of the noise in this direction, or both.
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For obtaining ocular-dominance maps, the visual stimulation
consisted of full-field concentric rings of flickering checkers. The stimu-
lus was presented to one eye at a time, alternating between eyes every
200 ms by the use of a pair of ferroelectric shutters (DisplayTech Inc.).
To obtain real-time development of ocular-dominance functional
maps we also used a flashed square drifting grating against a black
background, with a spatial frequency of 0.5 cycles/° and a temporal fre-
quency of 5°/s (the background was kept black while the fixation point
was lit when the grating was used and during the inter-stimulus
period).

Optical imaging

For real-time optical imaging we used a custom-written program to
control the sensitive MICAM Ultima high-speed camera (SciMedia,
Japan), with a resolution of 100 × 100 pixels and a frame rate of up to
10 kHz. The exposed cortex was illuminated using epi-illumination
with an appropriate excitation filter (peak transmission 630 nm, width
at half height 30 nm) and a dichroic mirror (650 DRLP), both from
Omega Optical (Brattleboro, VT, USA). To collect the fluorescence and re-
ject stray excitation light, a barrier postfilter (RG 665; Schott, Mainz,
Germany) was placed above the dichroic mirror. Before starting the im-
aging, we photographed the cortexwhile illuminating it with green light
(540 nm, bp 10 nm) to emphasize the vascular pattern. Data were
recorded at 200 Hz. To enable analysis of single trials, each trial was
saved separately. In a typical imaging session we collected 1–2 GB of
imaging data. To avoid irreversible photodynamic damage to the cortex,
each measurement was terminated after a total of ~5 min of net accu-
mulated illumination time. For a 10 second task this meant approxi-
mately 30 long trials. Recording sessions were performed up to twice a
week and reproducible recordings from the same patch of cortex were
obtained for up to a year (Slovin et al., 2002). One concern here is the
possibility of relative movements between the mounted camera and
the imaged cortical region. Given such a high spatial resolution any
misalignment of the pixels across different trials or images acquired at
different time points may introduce big errors in the results. Whereas
relative movements of the brain during imaging sessions are possible.
In practice these movements were minimal due to precautions taken
(less than a 60 μm). The precautions taken were: 1) the chamber was
sealed and filled with non-compressible fluid. 2) The animal was head
fixed via an implanted head post to a ~400 kg head holder pillar
cemented to the building foundations. 3) both the camera and the
head holder were connected to each other to minimize relative motion.
4) We observed that Monkeys tend to suppress their body movements
while they are alert and while maintaining tight visual fixation (within
2 × 2 DVA) in anticipation for the reward.

Data analysis

To assess the quality of the data obtained by the temporally struc-
tured acquisition procedure, we started with a conventional event-
triggered averaging analysis of the responses to four randomly switching
orientation stimuli of 0°, 45°, 90° and 135°. First the raw optical signals
were high-pass filtered with a cutoff of 1 Hz and the heartbeat artifacts
were removed by subtraction of the ECG-triggered averaged optical sig-
nal from the rawdata at each heartbeat (Arieli et al., 1995; Grinvald et al.,
1984). This method was reported to work well with anesthetized ani-
mals. In the awake monkey this simplified correction works less effi-
ciently due to the variations in the pulsation amplitude and timing.
However, since extensive averaging was used here the remaining resid-
uals from the heart beat were insignificant as the tests for the quality of
the functional maps presented here shows (Fig. 2).

We first divided the 10-s structured data into multiple segments,
triggered on the visual stimulus onset. For example, in the case of a
50-ms stimulus duration and 150-ms inter-stimulus interval the 10-s
data were divided into 49 time segments. Segments related to the
same orientation were averaged together. The maps obtained in this
way were then compared to the maps subsequently obtained by the
TSCA algorithm tested here. It's important to note here that the algo-
rithm does not require prior removal of heartbeat artifact. In fact it re-
quires no preprocessing at all, besides subtracting the average frame
form each frame of the rawdata unless otherwise unless otherwise stat-
ed,maps presented belownot filtered in anyway except for the optimi-
zation of contrast by mild clipping (resulting in about ~10% outliers).

The TSCA algorithm

In this section we briefly review the mathematical background for
the TSCA algorithm, which was specifically designed to reveal cortical
maps obtained using the temporally structured data acquisition protocol.
A full in-depth derivation of the algorithmand its confirmationwith sim-
ulated data has been described elsewhere (Blumenfeld, 2010). Up to
now, the algorithm has never been tested with experimental data. To
apply the algorithm, we treat our experimental dataset as a random var-
iable matrix Z with dimensions P × T, where P is the number of pixels
and T is the number of time samples. The matrix Z thus constitutes a
multidimensional time series. Because multidimensional time series
are difficult to visualize and analyze, it is useful to transform Z into a
one-dimensional time series by projecting it onto a unit column
vector ψ, an operation written as ψTZ. As ψ has norm one, it can be
interpreted as a direction. As a starting point, the approach taken by
PCA to choose the direction ψwas considered: it selects those directions
that are dominant, in the sense that they produce projections with high
power. The power associated with a particular direction ψ is defined as
the expected power of ψTZ, which we write as sZ2(ψ) = E( ‖ψTZ‖2),
with E(·) denoting expectation taken over realizations of Z.

The raw optical signal can be considered as reflecting both the
neuronal activity and the noise originating from non-neuronal sources.
In this analysis, however, we adopted a broader definition of what
constitutes a signal andwhat constitutes a noise: the signal is any aspect
of the data that is of interest in a particular context, and noise is every-
thing else.We assumed that the signal and the noise combine additively,2

i.e., Z = X + Y. Instead of considering sZ2(ψ) as in PCA, two other quanti-
ties are considered: the expected power of the signal (EPS) projected on
Ψ defined as sX2(ψ) =E( ‖ψTX‖2), and the expected power of the noise
(EPN) projected on Ψ, sY2(ψ) = E( ‖ψTY‖2). Because we are interested
in the signal and want to suppress the noise, two objectives naturally
arise: sX2(ψ) should bemaximized, and sY2(ψ) should beminimized. There-
fore, the objective function of TSCA to be maximized is defined as:

m ψð Þ ¼ γXs
2
X ψð Þ þ γYs

2
Y ψð Þ: ð1Þ

Themain difficulty in the analysis is the estimation ofm (Ψ) from the
data, because X and Y are not observed separately, and only their sum, Z,
is known. In Blumenfeld (2010) it is shown that under general condi-
tions a T × T symmetric matrix Q can be found such that for any Ψ:

m̂Q ψð Þ ¼ ψTZ Q ZTψT
: ð2Þ

Eq. (2) gives an unbiased estimator form(ψ), i.e.,E m̂Q ψð Þ� � ¼ m ψð Þ.
Under ideal conditions the matrix Q is constructed on the basis of tem-
poral characteristics of the signal, the noise, and their interactions de-

noted by C1
X;…;CDX

X

n o
, C1

Y;…;CDY
Y

n o
, and C1

XY;…;CDXY
XY

n o
, the three
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bases for the subspaces of the signal, noise, and interaction correlation
matrices, respectively. Q is chosen as theminimal (Frobenius) norm so-
lution to the linear system of equations:

Q ;Ci
X

D E
¼ γXtr Ci

X

� �
; Q ;Ci

Y

D E
¼ γYtr Ci

Y

� �
; Q ;Ci

XY

D E
¼ 0 ð3Þ

with 〈⋅,⋅〉 denoting matrix inner product. This system is guaranteed to
yield a solution if there are no linear dependencies between the three
subspaces. Loosely speaking, this condition can be interpreted as the re-
quirement that the statistics of the signal and the noise are sufficiently
different (Blumenfeld, 2010).

Once the matrix Q has been constructed, the objective function
(Eq. (1)) can be maximized using only the data Z and Q (Eq. (2)). The
solution tomaximization of Eq. (2) is given by the Eigen decomposition
of Z Q ZT. The eigenvector with the largest eigenvalue, Ψ1, obtains the
global maximum of the objective function; the second eigenvector,
Ψ1, obtains themaximum in the subspace orthogonal to the first eigen-
vector; and so on. In addition, the eigenvalues are the estimates of the
objective function forΨ1, Ψ1, … etc.

Beyond the assumptions about the data reflected in the correlation
matrices, the derivation of the algorithm requires some additional as-
sumptions: (1) additivity of the signal and the noise, (2) linear indepen-
dence between the sets of correlation matrices, and (3) sufficient data
(so that the expression in Eq. (2) is sufficiently close to its asymptotic
value given by Eq. (1)). Clearly, the most restrictive requirement is
knowledge of the correlation matrices. Here we represented noise cor-
relationmatrices by a single correlationmatrix, CY, taken to be the auto-
correlation matrix of the white noise process (CY ∝ I).3

In our analysis we used the same optical imaging data, but each time
with a different definition of the signal and hence a different construc-
tion of the correlation matrices. In all cases, however, we restricted
our attention to signals that are characterized by a single correlation
matrix that we denote as CX. An example of such signals is signal X,
which has a fixed spatial structure uX, whose scaling aX(j) changes
with the time index j; i.e., X(j) = uXaX(j). In general however, signals
associated with one correlation matrix can have a more complex
spatiotemporal structure, but they should admit a representation

X jð Þ ¼
XRX

i¼1

ui
Xa

i
X jð Þ with the processes aX

i (j), i ≠ i′ being uncorrelated

(i.e., E aiX jð Þai′X kð Þ
� �

¼ 0), and the autocorrelation matrices of all pro-

cesses being identical up to scaling. The matrix CX is given by the au-
tocorrelation matrix of any of the processes aX

i (j), arbitrarily scaled
(i.e., [CX]jk ∝ aX

i (j)aXi (k) for arbitrary i).

TSCA—computational aspects

The TSCA algorithm inherits the computational complexity of PCA, so
its computational demands should be acceptable whenever PCA is. Most
of the computational burden is the diagonalization of ZQZ, and several
approaches to relieve the burden have been suggested in the theoretical
manuscript (Blumenfeld, 2010, Supplementary section 2). Indeed, for
the experimental data described in this manuscript, replacing the full di-
agonalization of ZQZ with the calculation of a subset of eigenvectors re-
duced the computation time from the order of hours to the order of
minutes, without causing any distortion to the eigenvectors. The TSCA
3 This approach offers the advantage of greatly simplifying the construction of the
set of correlation matrices. The set of interaction correlation matrices was taken to
be empty. This can be justified by the assumption that signal and noise are statistically
independent and either the signal or the noise has zero mean (E(X) = 0 or E(Y) = 0).
Both replacement of the noise correlation matrix with a single white-noise correlation
matrix and omission of the interaction correlation matrices were shown to be valid on
simulated data (see Blumenfeld, 2010).
algorithm was implemented using Matlab programming language
(Matlab 2011b; Mathworks Inc.). Calculation time of the differential
maps in Figs. 4F and G took ~15 min (without any prior preprocess-
ing) with the following parameters: an Intel core i7 2.93GHz desktop
PC machine, running Matlab2011b; without a parallel-processing
tool box and using 8 recorded optical trials (each trail 100 ×
100 pixels, 2048 frames; 200 Hz frame rate).

Results

The new paradigm reveals functional architecture and response time
courses in seconds

To assess the quality of the data obtained by the time-structured
(TS) acquisition procedure itself we imaged cortical columns (Hubel
and Wiesel, 1959; Mountcastle, 1957). We analyzed the responses to
four switching full-field orientation stimuli of 0°, 45°, 90° and 135°. To
distinguish between the improvements effect of the TS acquisition par-
adigm to the improvements introduced by the algorithm we first ana-
lyzed the data in the standard way without using the TSCA algorithm
or PCA components of cleaned data.Wefirst divided the 80-s structured
data into multiple segments. For example in the case of a 50-ms stimu-
lus duration and a 200-ms inter-stimulus interval, the ~80-s-long imag-
ing durationwas divided into ~320 time segments. Segments related to
the same orientation were averaged together. Four single-condition
mapswere calculated and are shown in Fig. 2A. The average time course
obtained for each stimulus-orientation at the center of the 90° columns
is shown in Fig. 2I (61 columnar domains of type 90°were averaged). As
expected, the amplitude is largest for the 90° stimulus, smallest for the
orthogonal stimulus, and intermediate for the oblique and obtuse orien-
tations. To test the reproducibility of themaps, the data set was divided
into odd/even trials. Single-condition maps from each set were used to
calculate an independent angle map. Based on the angle maps sown in
Figs. 2B and C, we detected the pinwheel centers in each map as shown
in Fig. 2D. To quantify the remarkable reproducibility we calculated the
cortical distance between corresponding pinwheel centers pairs. For
86% of the pinwheels pairs (n = 156) the distance between them was
only one pixel or less (≥60 μm). After interpolation the RMS of the dis-
tribution of distances was 38 μm, with four outliers rejected as noise
(Fig. 2E). The quality of the orientation maps was also quantified by
comparing, for each single-condition map, its similarity to the maps
corresponding to the orthogonal stimulus and to the two 90°-apart
stimuli. Correlation coefficients were plotted as a function of imaging
duration (e.g. Fig. 2G). Both functions exhibited a monotonic in-
crease/decrease. As expected, the correlation coefficients between
pairs of orthogonal stimuli approached 0.9 and the correlation coeffi-
cient for 45°-apart pairs approached zero. To estimate the minimal
imaging duration required for obtaining reliable functional orienta-
tion maps, we quantified the similarity of each of the
single-condition maps obtained with increasing imaging duration to
the final single-condition maps obtained with the full 80 s of imag-
ing duration (Fig. 2F). Already at ~30 s of imaging duration, a satis-
factory averaged correlation coefficient of about −0.8 between
orthogonal maps is reached, to the maps obtained with the full
80 s of imaging. Finally, we estimated the SNR in our recordings
using the amplitude spectrum of the evoked trials relative to the am-
plitude spectra of identical trials obtained without any visual stimuli
presented, and computed as Z-scores (Fig. 2H) with a value of 25 for
the stimulation frequency (5 Hz).

Extracting heartbeat signals with the TSCA algorithm

Some sources in the optical imaging data, such as heartbeat-related
patterns, reflect physiological activity that is not triggered by external
stimulation. Mathematically, the statistical properties of such signals
are invariant to time shifts, and therefore these signals are termed
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“stationary”.4 An important subclass of the stationary signals, which
includes signals such as heartbeat-related or breathing-related activ-
ity, is the class of approximately-periodic signals. The spectrum
of approximately-periodic signals is typically concentrated around
a fundamental frequency, f0, and its integer multiples 2f0, 3f0, …,
i.e., its harmonics.5

We tested the algorithm on our data (we used the raw data in frac-
tional change units. Each framewas divided by themean frame, no seg-
mented data was used here or hereafter in the other functional map
figures) in order to examine the extraction of heartbeat-related compo-
nents. Heartbeat frequency (f0 = 2 Hz) was known from an indepen-
dent ECG measurement. We used Eq. (5) with W = 0.1 Hz, H = 5,
Ωh = 1, to approximate the autocorrelationmatrix of the heartbeat sig-
nal (Fig. 3B). The objective function was defined by γX = 1, and
γY = −0.25, and all eight trials were used.

The first two spatial components are shown in Fig. 3D (left). The ob-
jective function was substantially higher for these modes than for any
other components, as indicated by the corresponding eigenvalues
(Fig. 3C). These components are the largest along blood vessels,
supporting the conclusion that they are indeed heartbeat related. In
Fig. 3D (right), we plot the projection of the data from one of the trials
on the spatial modes. The projections oscillate at about 2 Hz. This is
expected, because we constructed the autocorrelation matrix under
the same assumption. However, the algorithm recovers the finer struc-
ture of the waveform, which is characterized by a non-sinusoidal form,
with sharp transitions. Also plotted are the peak times of the ECG
(red dotted lines — only the peaks of the ECG and the heartbeat peak
are related, whereas their shapes are different. Therefore we used red
dots to mark the ECG peaks rather than showing the entire ECG). The
coherence between the ECG peaks and the projected time series also
validates the results obtained by the algorithm. We found the results
of the algorithm to be robust with respect to the precise choice of the
free parameters W and Ωh (Fig. S2).
Extraction of orientation maps

Next we examined how well the algorithm can extract orientation
maps. The timing of a stimulus-triggered response is determined by
4 The correlation matrix CX of a stationary process has constant values along its diag-
onals. The entries of CX are determined by the Fourier transform of the signal's spec-
trum, according to:

CX½ �jk∝∫ 1= 2Δtð Þ
−1= 2Δtð ÞS fð Þe2πi f j−kð ÞΔtdf ð4Þ

where S(f) is the power spectrum at frequency f, Δt is the sampling interval, T is the
number of time samples, and the proportionality symbol ∝ is used to emphasize that
CX needs to be determined only up to scaling. Thus, knowing the signal's spectrum
up to scaling or, in practical situations, having an estimate of it, allows construction
of the autocorrelation matrix CX that can be used by the algorithm.

5 To construct the correlation matrix for the approximately periodic signal, the spec-
trum is assumed to be zero everywhere except for bands of width 2W centered at fre-
quencies f0, 2f0, …, Hf0 where it takes a constant value of Ω1, Ω2, …, ΩH (Fig. 2A). The
corresponding autocorrelation is given by:

CX½ �jk∝ sinc 2π W j−kð ÞΔtð Þ
XH

h¼1

Ωh cos 2π h f0 j−kð ÞΔtð Þ‘ ð5Þ

where sinc(x) = sin(x) / x, sinc(0) = 1, and we use the fact that the signal is real-
valued. Eq. (5) defines a parameterized family of correlation matrices that can be used
to extract approximately-periodic signals from the optical imaging data. The predom-
inant free parameter is the fundamental frequency f0, and it has to be known a priori.
The other free parameters depend on finer properties of the signal. The number of har-
monics, H, and their relative contribution, Ωh, depend on the waveform of the signal.
The bandwidth W can be viewed as a measure of regularity of the signal, with
W → 0 for a perfectly periodic signal. If some prior knowledge about the typical wave-
form is available, these parameters can be estimated directly. However, we find the al-
gorithm to be quite robust with respect to the precise value of these parameters, and to
give satisfactory results for a selection of a few harmonics with an equal contribution,
and a bandwidth of the order of 1/(TΔt).
the stimulation protocol. To incorporate this important prior informa-
tion, we again considered an idealized case, in which we assume that
following a stimulus, the response has a stereotypical fixed shape and
a scaling that is determined stochastically.Mathematically, a fixed func-
tion g(t) that defines the shape of the response for a stimulus given at
t = 0 was tested. The stochastic response is given by rg(t), where r is
a random variable determining the response amplitude (Fig. 4A).
When several stimuli are presented at times t1, t2,… the individual re-
sponses are summed, so the total response at time t is given by
∑
l
rlg t−tlð Þ. The autocorrelation matrix for this process is given by

CX½ �jk∝∑
l;m

ρlmg jΔt−tlð Þg kΔt−tmð Þ ð6Þ

with ρlm = E(rlrm).6 The autocorrelation matrix CX was constructed in
accordance with the experimental stimulation protocol. The first step
towards the construction of CX was to estimate the shape of the
stimulus-triggered response g(t). This was performed by averaging
each frame over the pixels, and then averaging the resulting time course
(aligned to the stimulus onset) over presentations (Figs. 1D and 2I). The
averaged time course showed a marked increase at ~50 ms after stim-
ulus onset, consistent with known estimates of retinal delay. The aver-
aged response was fitted with the commonly usedα-function, atbe− t/c,
starting at t = 50 ms. The fitted function was defined as zero for times
smaller than 50 ms, and was used for the shape function g(t). The cor-
relation variables ρlm were defined according to “orientation maps”
(Hubel and Wiesel, 1968; Hubel et al., 1977), which are characterized
by patches of elevated activity whose location and shape depend on
the stimulus orientation (Blasdel and Salama, 1986; Bonhoeffer and
Grinvald, 1991; Grinvald et al., 1986). Spatial components associated
with the stimulus-triggered response are therefore expected to corre-
spond to orientation maps. Because orientation maps for orthogonal
orientations are approximately complementary, we expected to be
able to extract two spatial components: one for the 0°/90° orientations
and the other for the 45°/135° orientations. In extracting the 0°/90°
component we observed that because of the complementary structure
of the 0° and 90°maps, the response to the 0° stimulus is expected to
be negatively correlated with the response to the 90° stimulus. On the
other hand, two presentations of the same stimulus, either 0° or 90°,
will produce positively correlated responses. Accordingly, we defined
ρlm = 1 when the orientation of both stimuli l and m was either 0° or
90°, and ρlm = −1 when one orientation was 0° and the other was
90°. In all other cases we defined ρlm = 0. This alternating structure of
correlations is reflected in the structure of the correlation matrix CX
that was constructed (Fig. 4C). We next applied the algorithm with
constructed CX described above, and with γX = 1 and γY = −0.5 to
the raw data (raw data, divided by the average frame). The highest ei-
genvalues are plotted in Fig. 4D. The first eigenvalue is much higher
than the others, and the corresponding eigenvector was indeed the
0°/90° orientation map. It showed the characteristic patches of the ori-
entationmaps, andwas both validated and found better when applying
traditional averaging methods for extraction of the differential 0°/90°
map (Fig. S3). Projection of the data from one of the trials on the first ei-
genvector (Fig. 4F, right) showed that after every presentation of the
90° stimulus (red bars) the projection went up, and after any presenta-
tion of the 0° stimulus it dropped. An analogous construction for extrac-
tion of the 45°/135° orientation map yielded the eigenvalues and
eigenvector shown in Figs. 4E and G. The 0°/90° map and the 45°/135°
map could be extracted simultaneously when we used two correlation
matrices for the signal at the same time (e.g. Fig. S4). The extracted
6 The scaling variables rl have to be taken into account. Eq. (6) does not require the
precise probability density function of rl to be known. Only pairs of second-order mo-
ments ρlm need to be evaluated. The quantity ρlm can be regarded as a measure of cor-
relation between the response amplitude for stimulus presentations l and m.



Fig. 3. Extraction of stationary signals. A: Construction of an idealized spectrum of an approximately-periodic signal. H = 4 harmonics are illustrated. B: Autocorrelation matrix
constructed using Eq. 5 for extraction of heartbeat-related signals. For clarity of the presentation, thematrix has been truncated to a 3 s by 3-s block. C:Weights of the first 20 eigenvalues.
D: First two spatial components (left) and projection of the data onto each of them (right). ECG peak times (red dotted lines) are also shown.
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maps were not sensitive to the precise choice of the correlation param-
eters, ρlm, or the shape function, g(t), butwere sensitive to large shifts in
the stimulation timing, tl (e.g. Fig. S5). Finally, we also studied the ro-
bustness of the algorithm with respect to the values of γY (Fig. S6),
and observed that similar maps were extracted over a large range of γY.
Fig. 4. Extraction of orientationmaps. A: Illustration of an idealized response to a stimulus. The
response to a stimulus (averaged over both pixels and presentations). Shaded regions correspo
values between0 and 1. C: Autocorrelationmatrix CX constructed using Eq. (6) for extraction of t
block. The colored line-segments (right and bottom) indicate stimulation times. Each color ind
(D, E) First 20 eigenvalues obtained by the algorithmwhen applied for extraction of the 0°/90°
by the algorithm when applied for extraction of the 0°/90° (F) and the 45°/135° (G) orientatio
times are indicated by the color shadings.
Extraction of differential ocular dominance map

We also tested the algorithm in a different experiment, to obtain
the ocular dominance map from the raw data. Because the cortical re-
sponse to stimulation of one eye is approximately complementary to
response curve has a constant shape and stochastic amplitude (r). B:Mean optical-imaging
nd to the periods when the stimulus was presented. The response was normalized to take
he 0°/90° orientationmap. For clarity of presentation, thematrix is truncated to a 3 s by 3 s
icates a particular stimulus orientation according to the legend at the bottom of the panel.
(D) and the 45°/135° (E) orientationmaps. (F, G). First spatial components (left) obtained
n maps. Projection of the data onto these components is shown on the right. Stimulation
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the response for the other eye, we applied the algorithm using an au-
tocorrelation matrix that was constructed analogously to the autocor-
relation matrix of the 0°/90° orientation map (Fig. 4C). The result of
this application is shown in Fig. 5. The first eigenvector (Fig. 5A),
which had an eigenvalue markedly higher than the other eigenvalues,
shows the typical stripe-shaped ocular dominance domains (Fig. 5B,
left). Projection of the data onto this eigenvector is shown in Fig. 5B
(right). The projection is asymmetric, with the response amplitude
being stronger for the contralateral eye (shaded areas), as expected.
This is despite the fact that the construction of the correlation as-
sumed identical responses to the ipsilateral and contralateral eyes,
and demonstrates once again the ability of the algorithm to recover
the fine temporal structure of the signal.

Decoding the visual stimuli presented to the monkey from cortical VSDI
signals

Nextwe examinedwhether the new algorithm is powerful enough to
extract from the raw data the elusive retinotopic maps which are
expected to be evoked by the quasi-stationary stimuli used here. To ex-
tract the retinotopic representations of the visual stimuli we took advan-
tage of the fact that the spatial phase of each of the oriented-grating
stimuli used in our experimentswas shifted frompresentation to presen-
tation, with an averaged shift of ~2.5 rad for each stimulus (e.g., Fig. 1C)
in addition to expected small phase shifts introduced into the visual stim-
uli due to the monkey's microsaccades.

We return to the analysis depicted in Fig. 4, and consider the auto-
correlation matrix in Fig. 6A. This autocorrelation matrix corresponds
to a response that appears only after presentation of the 0° stimulus,
and the correlation does not apply to different presentations of the
same stimulus. We constructed the autocorrelation matrix as in
Fig. 4C, except thatwe nowused ρlm = 1whenm = l and both presen-
tations m and l were of the 0° stimulus, and ρlm = 0 in all other cases.
For the noise correlation matrices we used a white noise matrix as be-
fore, as well as the two correlation matrices we previously used in
order to extract the orientation maps.

The results for γX = 1, and γY = −0.75 are presented in Figs. 6B–I.
The distribution of eigenvalues (Fig. 6B) shows that the first two eigen-
values are markedly higher than the rest. Fig. 6F (left) shows the corre-
sponding spatial components. They constitute pair patterns of cortical
gratings, phase-shifted with respect to one another. The time courses
obtained by projecting the data onto these spatial components
(Fig. 6F, right) show that the response was consistently limited to the
time following the 0° stimulus. Analogous constructions of CX for the
other three orientations produced similar results (Figs. 6C–E,G–I). The
most noticeable difference was that each stimulus produced a different
Fig. 5. Extraction of differential ocular dominance map. A: The first 20 eigenvalues obtained
components (left) and the projection of the data onto it (right). Shaded areas represent the t
(left) shows the typical stripe-shaped ocular dominance columns. Projection of the data is as
(shaded areas).
orientation of the cortical grating pattern. Taking these observations
into account, together with well-documented results concerning the
retinotopic organization of V1 (Tootell et al., 1982; Tootell et al.,
1988b; Van Essen et al., 1984), we concluded that these spatial modes
represent the retinotopic representation of the stimulus itself.

Note that after presentation of a stimulus there was typically
a change in the time course of both the first and second components,
with the amplitude and sign of the change changing between presen-
tations. Thus, the response to each stimulus presentation is a linear
combination of the two spatial components, with the coefficients
of this linear combination varying between presentations. Consider
now the spatial structure of such a combination. Because of the
grating structure of their gratings these components, sum analogous-
ly to sine and cosine functions; thus, their linear combination is also
a grating pattern, but with an arbitrary spatial phase. The fact that
there are two spatial components identified by the algorithm is a
direct consequence of the spatial phase shift of the stimuli itself
rather than an artifact of the analysis (Fig. 1C). Clearly, one compo-
nent is not enough to account for the phase shifts existing in the
visual stimulus for a given orientation. A related issue is the corre-
lation matrix associated with each of the components. Both compo-
nents have an autocorrelation matrix of the form given in Fig. 6A.
This is again a result of the spatial phase shift, which makes
the time course of each of the components uncorrelated between
presentations.

We found that adjacent stimulus orientations produced adjacent
retinotopic representations, with the direction of rotation of the cor-
tical gratings inverted with respect to the direction of stimulus rota-
tion. This is consistent with the structure of retinotopic projections
to V1 that invert the visual field. In addition, the V1/V2 border in
this monkey was located just above and almost parallel to the
top edge of the frame. Because this border corresponds to the verti-
cal meridian, the retinotopic image of the vertical gratings was
expected to be parallel to it. This was indeed the case, as can be
seen in Fig. 6H.

Next we compared the retinotopic representations to the represen-
tation of an independent functional domain, namely the ocular domi-
nance columns. Fig. 7A shows that the cortical representation of the
vertical stimulus was approximately orthogonal to the ocular domi-
nance columns, in accordance with documented results (LeVay et al.,
1975; Tootell et al., 1982, 1988a). Using the horizontal stimulus the
retinotopic representations tend to be parallel to the ocular dominance
columns (Fig. 7B). The orientationmaps for 0/90 are shown on Fig. (7C)
and 45°/135° (7D) orientation maps exhibiting the stereotypic appear-
ance as well as the retinotopic representations of 0° (7E) and 45° (7 F)
stimuli were acquired in the same session.
by the algorithm. The first one is significantly higher than the rest. B: The first spatial
imes when the stimulus was presented to the contralateral eye. The spatial component
ymmetric (right), with the response amplitude being stronger for the contralateral eye



Fig. 6. Extraction of retinotopic representations. A: Autocorrelation matrix sZ2(ψ) constructed using Eq. (6) for the extraction of signals evoked by the 0° stimulus. For clarity of
presentation the matrix is truncated to a 3 s by 3 s block. The colored line-segments indicate stimulation times, as in Fig. 3C. B–E: The first 20 eigenvalues obtained by TSCA
when applied for extraction of the 0° (B), 45° (C), 90° (D), and 135° (E) stimulus-related signals . F–I: The first two spatial components (left) obtained by the algorithm when
applied for extraction of the 0° (F) 45° (G) 90° (H), and 135° (I) stimulus-related signals. Projection of the data onto these components is shown on the right. Stimulation times
are indicated by the color shadings.
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The cortical magnification factor

Finally, we also examined the spectral structure of the retinotopic
representations relative to the functional architecture, and used this
structure to calculate the averaged magnification factor over the im-
aged area. Again, the result was found to be consistent with previous
reports. To calculate the cortical magnification factor, we first esti-
mated the number of cycles per millimeter cortex for the eight
retinotopic components (Figs. 6F–I, left). To this end, we calculated
the two-dimensional discrete Fourier transform of each component
over a fine grid of frequencies (Fig. 8).

Taking into account the spatial frequency of the stimuli as ~2 cycles/°
and the averaged spatial frequency of the imaged cortical patterns as
0.49 mm/°, we were able to estimate the averaged magnification factor
as 2.0/0.49 = 4.08 mm/°. This is consistent with previous reports, as
expected for the retinotopic location of the chamber, which covered ec-
centricity of ~2°–4°, close to the verticalmeridian (Van Essen et al., 1984;
Tootell et al., 1982, 1988b). We carried out a similar calculation for each



Fig. 7. Outline of the retinotopic cortical representation of the grating stimuli superimposed on the ocular dominance columns. In this cortical area the ocular dominance columns
(green and red map) are almost perpendicular to the vertical meridian, i.e., the V1/V2 border, which is located above the top edge of the frame and is approximately parallel to it.
A: Retinotopic map for the vertical stimulus (yellow lines). B: Retinotopic map for the horizontal stimulus. C–F: The 0°/90°(C) and 45°/135° (D) orientation maps and retinotopic rep-
resentations of 0° (E) and 45° (F) stimuli.
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orientation separately, thus addressing the anisotropy in the retinotopic
representations,whichwas evident from the variablewidth of their grat-
ing representations (e.g. Figs. 6G vs. I), and from the fact that the
Fig. 8. Calculations of the magnification factors: A: One component (left) and its power spectrum
that of each of the other seven components, had two distinct peaks, corresponding to a unique do
orientationwere identical, enabling us to identify one dominant spatial frequency of the cortical
entations are plotted in (B) and colored according to the orientation legend at the bottom of the
frequency, was 0.42, 0.50, 0.56, and 0.48 for 0°, 45°, 90°, and 135°, respectively. After these value
dominant frequencies in the cortical representations reside on an ellipse
rather than on a circle. Magnification factors for individual cortical axes,
i.e. for orientations, were 4.47, 3.99, 3.56, and 4.1 cycles/mm for 0°, 45°,
(right; brighter color indicates higher power). The spectrum of this component, as well as
minant spatial frequency (and its negation). The spectral peaks for components of the same
representations for each orientation. These frequencies (and their negations) for all four ori-
panel. The number of cycles per mm cortex, given by the distance from the origin of each
s were averaged, the estimated number of cycles/mm was 0.49.
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90°, and 135°, respectively.We alsofitted an ellipse to the dots in panel B
(solid black line) and calculated its major and minor axes (dotted lines).
Based on this calculation,we could estimate that themaximalmagnifica-
tion factor is obtained almost perpendicular to the ocular dominance,
i.e., parallel to the vertical meridian, and for an orientation close to
0° (major axis, 4.72 mm/°), and that the minimal magnification factor
is obtained approximately parallel to the ocular dominance columns,
i.e., for an orientation close to 90° (minor axis, 3.58 mm/°). The ratio
between the major and the minor axes indicates anisotropy of the cor-
tical magnification factor, with differences along the vertical meridian
(V1/V2 border) and perpendicular to it. The ratio of 1.31 is in agreement
with previously reported anisotropy (~1.25 by Tootle et al. and 1.3–1.5
by Van-Essen et al.) (Van Essen et al., 1984; Tootell et al., 1988a,b;
Blasdel and Campbell, 2001).

Discussion

Here we presented a new data acquisition paradigm for VSDI based
on continuously switching, temporally structured, multiple stimuli. Con-
ventional analysis produced superior functional maps from continuous
data acquired in only ~40 s. This is saving of almost two orders of mag-
nitude in gross data acquisition time relative to past reports (Slovin
et al., 2002; Chen et al., 2006, 2008, 2012; Sit et al., 2009; Meirovithz
et al., 2009, 2012; Ayzenshtat et al., 2010; Chen et al., 2011; Palmer et
al., 2012; Reynaud et al., 2011; Chen and Seidemann, 2012). Using this
technique, functional maps were obtained from the same re-stained
patch of cortex over a period of more than a year (Arieli et al., 2002;
Slovin et al., 2002). Our results, as well as many previous publications
from the groups of Petersen, Slovin and Seidemann (Chen et al., 2006,
2008, 2012; Ferezou et al., 2006, 2007; Sit et al., 2009; Meirovithz et al.,
2009, 2012; Ayzenshtat et al., 2010; Palmer et al., 2012; Chen et al.,
2011; Chen and Seidemann, 2012), indicate that under the present
experimental conditions, photodynamic damage and pharmacological
side effects have negligible side effects, if any (for reviews see Grinvald
and Hildesheim, 2004; Grinvald et al., 2010, 2011; Grinvald and
Petersen, 2011).

We also tested the new TSCA algorithm designed for our new VSDI
temporally structured data acquisition protocol (Blumenfeld, 2010).
The TSCA algorithm seems to be potentially useful for many imaging
technologies, but up to now it has never been tested on real data. Its
power was demonstrated in the present study. Our experimental para-
digm, together with this algorithm, yielded functional maps with even
better SNR than that obtained with classical episodic analysis of this
paradigm (Supplementarymaterial S3).We also demonstrated the use-
fulness of TSCA for extraction of stationary signals (e.g. heartbeat-
related components) and non-stationary stimulus-triggered responses.
For example, orientationmaps, ocular dominancemaps, and the elusive
retinotopic representation of the visual stimulus were readily obtained
(Figs. 2–6). In all cases, the analysis made use of prior knowledge about
the expected temporal structure of the cortical response patterns. In the
case of heartbeat-related components, the a-priori known fundamental
frequency of the heartbeat was used, together with an estimate of the
contribution of higher order harmonics. For the stimulus-triggered re-
sponses the a-priori known stimulation times were used, together
with an estimate of the time course of each response function and the
expected correlations between amplitudes of the response for different
stimulus presentations.

At this point it seems important to clarify what makes the present
maps of such a high quality. Is it the TS acquisition paradigm or the algo-
rithm? The major part of the improvement in signal to noise ratio or the
drastic reduction of acquisition time should be attributed to the new time
structured stimulus paradigm. Unlike the classical episodic stimulation
protocol — with the new protocol the cortical responses are recorded
continuously while the stimuli are being presented one after the other.
In this way the interstimulus interval is 100–150 ms instead of seconds.
This short interstimulus interval is the optimal interstimulus
interval, optimizing the time in which optical signals are maximally
selective to the stimulus features used; it is well known that after
about 200 ms or so the “mapping signal” is poor as shown in
Figs. 1D and 2I. Thus, with the present TS acquisition paradigm the
efficiency of the recordings in the context of stimuli selectivity is op-
timized and the total imaging time is considerably decreased. How-
ever, in certain case the algorithm is the major contributor, for
example in extracting retinotopic maps as discussed below.

Of the different examples we presented, we found extraction of the
retinotopic representations of the full-field stimulus to be themost chal-
lenging. The difficulty in extracting this particular response can be appre-
ciated from the fact that classical analysis strategy, such as the one used
to obtain Fig. 2 inevitably fails in this case. For example, averaging the re-
sponse over trial segments simply cancels out the retinotopic component
owing to variability in the spatial phase of the stimuli retinotopic re-
sponses resulting either from the stimuli or small eye movements. Sim-
ilarly, the use of methods that rely on the spectral content of the time
course of the retinotopic components, e.g., band-passing of the data, is
unlikely to be helpful because the retinotopic response is not periodic,
as can be seen in Figs. 6F–I (right). The reasons why here we succeeded
to obtain the retinotopic maps so nicely are two fold. First, we used fixed
spatial frequency gratings as stimuli rather than lines or spots. In this
case small eye movement, microsaccades, and tremors affect only the
phase of the retinotopic response. Second, by assigning two components
to each grating orientation stimulus, a linear combination of them could
account to any resulting phase shift. Indeed close inspection of the time
course, related to the two components for each orientation, reveals
that each of them appears irregularly as a result of the eye movements
or stimulus phase shifts. This is in contradiction to the regular time
course that was associated with orientation or ocular dominance map-
ping, shown in Figs. 4 and 5.

Recent studies using noninvasive imaging techniques to decode the
visual input directly from cortical responses have shown some promis-
ing results (Kamitani and Tong, 2005; Kay et al., 2008; Miyawaki et al.,
2008; Nishimoto et al., 2011). The high accuracy and the dynamic as-
pect of the present results in decoding the retinotopic representation
of the visual input, as well as the high temporal and spatial resolution
of VSDI, offer alternative powerful tools.

Themain advantages of the present approach are the following. First,
no prior preprocessing is needed for the analysis (besides removal of the
mean cortical image). Second, no segmentation of the data is needed ei-
ther. Third, cortical maps that are uncorrelated but not statistically inde-
pendent can be extracted, as demonstrated here by the retinotopic
representation of visual stimuli. Finally, orientation and ocular domi-
nance functional maps can be extracted, with high spatiotemporal
resolution, within ~10 s of recording, which is one to two orders ofmag-
nitude faster (Fig. 9) than the time required collecting such high quality
maps using episodic data acquisition. High-quality maps from the
awake monkey were recently obtained (Chen et al., 2012) by a meth-
od that combines episodic acquisition and temporally periodic stimu-
lation. However, comparison of the quality of maps presented here
with those obtained by Chen et al. is not straightforward. One reason
is that their data were highly filtered, both temporally and spatially,
in order to extract functional maps. We did not use any low-pass or
band-pass filtration in any of data as presented in our figures, except
in Figs. 9 and 2A (Fig. S11 shows the non-filtered 10-s data of Fig. 9).
The extent of signal averaging and experiment duration was not
reported by Chen et al. and the reproducibility of their angle maps
was not assessed (see our Fig. 2).

One concern with the rapidly switching stimuli was that a brief
inter-stimulus interval may distort the data because of the long re-
laxation time of the intrinsic signals resulting from that stimulus.
However, this possibility can be safely ruled out in view of the large dif-
ference in temporal scales between the fast VSD signals with their rapid
temporal response of the order of few milliseconds with response
switching every ~200 ms, and the intrinsic signals with a rise time of



Fig. 9. Cortical representations obtained from a single 10-s trial. Components in panels A–F were extracted as in Figs. 3D, 4F–G and 6F–I, but using data were obtained from only one
10-s trial. The components of this single trial are similar to 8-trial components, but are noisier. The two heartbeat-related components in panel A are roughly a linear combination of
the two components in Fig. 3D. Each of the functional maps was spatially smoothed with a Gaussian kernel of σ = 1. H: Correlation coefficients between differential orientation
maps obtained with increasing imaging duration and maps obtained with the full imaging duration (0°/90° in blue, 45°/135° in red).
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the order of 2 s. Under the stimulation with rapidly switching stimuli,
the intrinsic signals probably reach a stationary equilibrium and do
not distort the rapid signals. Another concern is related to synaptic in-
teractions between different stimuli and cortical responses that may
be stimulus specific (Naaman and Grinvald unpublished results). Ran-
domization of the stimuli helps to resolve these issues.

To summarize: neuroscience has seen remarkable recent progress,
particularly in the study of higher brain functions, owing to the exponen-
tially growing use of multiple imaging techniques, including electrode
arrays, EEG, MEG, PET, ion imaging, two-photon imaging based on Ca in-
dicators, intrinsic optical imaging, NADH and flavoprotein imaging, and
VSDI imaging. VSDI is the only technology that provides both temporal
resolution on the millisecond scale (required for understanding the
mechanisms at the population level) and subcolumnar spatial resolution
(for review see Grinvald et al., 2011). The progress reported here for
VSDI in non-human primates, the closest species to Homo sapiens and
the easiest animal models to train for experimental paradigms involving
higher cognitive functions, should facilitate studies that were not previ-
ously feasible. The same approach is applicable for experiments using ro-
dents as animal models that greatly benefit from the extraordinary array
of newly developed tools from the field of molecular biology.

Conclusions

Optical imaging of cortices of the behavingmonkey is already a ma-
ture technology that is highly advantageous for exploration of higher
cognitive functions of the non-human primate. Using our newly devel-
oped protocol for rapid optical imaging with voltage-sensitive dyes, as
described in this study, one canmap the cortical responses with high fi-
delity in seconds. Furthermore, as shown previously and here the same
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animal can participate in multiple imaging sessions from the same
patch of cortex for at least a year, thus minimizing the total number of
animals participating in biomedical research of higher brain functions
and malfunctions.
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