


Visual Pathways



Visual	  Streams	  

A"en%on	  



Dorsal	  Stream:	  Vision	  beyond	  iden4fica4on	  



Ventral	  Stream:	  Iden4fica4on	  
Hierarchical	  Organiza4on	  



V1
V2
V3
V3A
V4
MT

Monkey visual areas from fMRI

Retinotopic map

Columnar architecture

1 mm

Topography: columnar 
architecture in V1

Direction columns in MT “Feature” columns in IT

Columnar architecture in other 
visual cortical areas

Albright, Desimone, Gross, 
J Neurophysiol (1984)

Fujita, Tanaka, Ito, Cheng, 
Nature (1992)

Columnar	  architecture	  in	  other	  visual	  areas	  



Hierarchical	  Organiza%on	  



Single	  unit	  recordings	  in	  V1:	  
Orienta%on	  selec%vity	  

V1 data Stimulus orientation (deg) 



Response selectivity:
the “Jennifer Aniston” cell

Response selectivity:
the “Halle Berry” cell

Response selectivity:
the “Syndney Opera House” cell

Response	  selec%vity:	  the	  “Jennifer	  Aniston	  cell”	  





Ventral	  Stream	  

Low	  Level	  	  
V1-‐V3	  

High	  
Level	  

(LOC,	  IT)	  



Inferior	  temporal	  cortex	  (IT):	  all	  of	  these	  regions;	  lateral	  occipital	  cortex	  (LOC);	  	  
TE/TEO	  (monkey)	  

Fusiform	  gyrus	   Occipitotemporal	  
sulcus	  

Lateral	  
occipitotemporal	  

gyrus	  

Inferior	  temporal	  
sulcus	  



Lingual	  gyrus	   Parahippocampal	  gyrus	   Collateral	  sulcus	  

Medial	  temporal	  lobe;	  PPA;	  TE/TEO;TF;TH	  monkey	  



Neural	  Communica4on	  

“Neurons	  that	  fire	  together,	  wire	  together”	  
	  
	   	   	   	   	   	   	   	   	   	   	  Hebbian	  Theory	  

•  Spa%al	  organiza%on	  
•  Temporal	  organiza%on	  



Spa4al	  organiza4on	  

•  cells	  that	  are	  grouped	  together	  into	  
func%onally	  unique	  zones.	  	  	  

•  Reflects	  func%onal	  mechanisms	  
	  
•  connected	  to	  other	  brain	  areas	  via	  long	  and	  
short	  sets	  of	  pathways	  (axons	  of	  nerve	  cells)	  



Temporal	  organiza4on	  

•  Firing	  rate	  of	  neurons	  carry	  meaningful	  
informa%on	  



Temporal	  organiza4on	  

•  Carried	  through	  to	  levels	  of	  fMRI	  signal	  



Cogni%ve	  Neuroscience	  Methods	  



Franz	  Gall’s	  Phrenology	  
1796	  

Franz Gall’s phrenology

Franz Gall

(1758 –1828)

Methods of brain science Phrenology



Wrong	  about:	  
•  Bumps	  
•  traits	  

Right	  about:	  
•  Localiza%on	  

Franz	  Gall’s	  Phrenology	  
1796	  



Pa%ent	  Work/Brain	  Lesions	  

Broca’s	  and	  Wernicke’s	  aphasia	  –	  1870’s-‐ish	  

Visual	  Agnosias	  1890	  –	  Lissaeuer	  –	  Appercep%ve	  and	  Associa%ve	  
Studies	  of	  brain	  lesions	  really	  gained	  speed	  in	  the	  1970s	  
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Human neurosurgery 
 

Penfield 1951 

Electrical	  S4mula4on	  

Hubel & Weisel – 1950s, 1960s, 1970s – orientation columns 



•  Visual	  Agnosias	  1890	  

•  Studies	  of	  brain	  lesions	  really	  gained	  speed	  in	  the	  1970s	  
	  Warrington	  &	  Colleagues	  

Pa%ent	  Work/Brain	  Lesions	  

•  1980s	  -‐	  neurophysiology	  	  
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Brain	  Lesions	  

-‐	  Localiza4on	  uncertainty	  (affec4ng	  connec4ons	  instead	  of	  neural	  center	  per	  se)	  	  
-‐	  Specificity	  (mul4ple/extensive	  lesions	  may	  lead	  to	  more	  than	  one	  deficit)	  	  
-‐Plas4city	  (neural	  reorganiza4on	  complicates	  interpreta4on)	  
-‐Rarity	  (only	  very	  few	  cases	  may	  exist)	  
-‐Sufficiency	  but	  not	  necessity	  

Disadvantages	  

As	  a	  result	  of	  traumas,	  surgery,	  infarcts,	  or	  diseases	  	  

Main	  advantage:	  	  causality	  



Cogni%ve	  Neuroscience	  Methods	  

Design	  experiments	  –	  hypothesis	  driven	  inves%ga%ons	  



04-‐36	  

W.	  W.	  Norton	  

Not	  one	  ideal	  technique,	  but	  several	  preTy	  good	  ones...	  



Cogni%ve	  Neuroscience	  Methods	  

What	  kinds	  of	  ques%ons	  can	  we	  ask?	  

Design	  experiments	  –	  hypothesis	  driven	  inves%ga%ons	  



Cogni%ve	  Neuroscience	  Methods	  
(non-‐humans)	  

•  Induced	  lesions	  

•  Physiology	  



Intracellular	  Recording	  

•  Microelectrode	  
–  Glass	  micropipe"e	  

•  Much	  smaller	  %p	  (<1	  micron)	  
•  Small	  enough	  to	  penetrate	  the	  cell	  wall	  

•  Insert	  electrode	  inside	  of	  the	  neuron	  
•  Record	  changes	  in	  res%ng	  poten%al	  

–  Tells	  you	  about	  the	  currents	  entering	  and	  exi%ng	  the	  
neuron	  

–  Change	  voltage	  of	  the	  cell	  and	  see	  how	  the	  cell	  reacts	  



Intracellular	  Recording	  



Single	  Unit	  Recording	  

•  Pro	  
–  Can	  record	  from	  single	  neurons	  
–  Can	  be	  done	  in	  vivo	  or	  in	  vitro	  
–  Can	  systema%cally	  manipulate	  the	  condi%ons	  under	  which	  
the	  cell	  will	  respond	  

•  Con	  
–  Invasive	  
–  Anesthesia	  

•  Difficult	  to	  do	  while	  animal	  is	  awake	  and	  behaving	  
–  Requires	  responses	  from	  a	  large	  number	  of	  neurons	  to	  
study	  a	  system	  



Mul%-‐Unit	  Recording	  

•  Macro	  electrode	  
–  Larger	  diameter	  electrode	  is	  used	  

•  Record	  the	  responses	  of	  a	  large	  number	  of	  neurons	  at	  the	  
same	  %me	  

•  Local	  field	  poten%als	  
–  Changes	  in	  the	  res%ng	  poten%al	  of	  the	  neurons	  at	  the	  
dendrites	  

–  Dipole	  



Mul%	  Unit	  Recording	  

•  Pro	  
–  Can	  record	  many	  neurons	  at	  a	  %me	  
–  Not	  as	  invasive	  
–  Can	  u%lize	  awake	  behaving	  prepara%ons	  

•  Con	  
–  Not	  as	  precise	  as	  single	  unit	  recording	  
–  Traces	  can	  include	  ar%facts	  not	  related	  to	  the	  behavior	  



Response selectivity:
the “Jennifer Aniston” cell

Response selectivity:
the “Halle Berry” cell

Response selectivity:
the “Syndney Opera House” cell

Response	  selec%vity:	  the	  “Jennifer	  Aniston	  cell”	  



Logothe%s,	  Pauls	  &	  Poggio,	  1995	  
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W.	  W.	  Norton	  

Not	  one	  ideal	  technique,	  but	  several	  preTy	  good	  ones...	  



Electroencephalography	  
(EEG/ERP)	  



Electroencephalography	  
(EEG/ERP)	  

Pros:	  	  
Temporal	  Resolu%on	  	  

Direct	  measurement	  of	  ac%vity	  

Cons:	  	  
Spa%al	  Resolu%on	  	  



Magnetoencephalography	  
(MEG)	  

Pros:	  	  
Temporal	  Resolu%on	  	  

Direct	  measurement	  of	  ac%vity	  
Be"er	  spa%al	  resolu%on	  

Cons:	  	  
S%ll,	  not	  great	  spa%al	  resolu%on	  	  

raphy (MEG) recordings with a behavioral task where the recog-
nition of initially unrecognizable objects became possible with
stimulus repetitions (Fig. 2A). The similar paradigm that was
previously run with fMRI (14) provided not only the theoretical
motivation for the present study, but also qualitatively improved
spatial information for interpreting the present MEG findings. In
addition, we used phase-synchrony analysis to determine trial-by-
trial covariance between visual and orbitofrontal regions and,
subsequently, to draw inferences about how these regions interact.

The other key prediction that stems from the tested model is that
because the projection of LSF to OFC is essential for initiating the
top-down facilitation, LSF and high spatial frequency (HSF) in an
image are processed differently in the specific OFC site. Conse-
quently, in a second experiment, conducted both in fMRI (exper-
iment 2A) and MEG (experiment 2B), we compared between the
activation patterns elicited by images of objects filtered to contain
predominantly LSF and by images filtered to contain primarily
HSF. This experiment is additionally interesting because, despite
previous findings (21), the prefrontal cortex is not typically per-
ceived as selective to specific physical properties of input stimuli.

These three experiments resulted in rich data sets, and we had to
constrain our scope here only to those aspects of the data that
directly pertain to the tested model and its specific predictions.

Results
Recognition-Related Activity in the OFC Precedes the Corresponding
Activity in the Temporal Cortex (Experiment 1). Participants were
required to recognize pictures of familiar objects that were pre-
sented briefly and interposed between two masks (Fig. 2A). The
same pictures were presented repeatedly up to five times in random
order, intermixed with the presentations of other objects. It has
been shown that objects that are not recognized on a given brief
presentation can nonetheless be recognized in a later, identical
presentation (22). Therefore, by presenting the same objects re-
peatedly, participants had several opportunities for successful rec-
ognition of those objects. To evaluate the cortical dynamics asso-
ciated with relatively easy object recognition, some of the stimuli
appeared again for a sixth presentation, without a mask and for
considerably longer exposure duration (198 ms).

To answer the critical question of whether differential activity
would develop in the OFC earlier than in recognition-related
regions within the temporal cortex, we compared the MEG signal
elicited by trials in which the objects were successfully recognized

with the signal elicited by similar trials in which the same objects
were not recognized. Differential activation in the OFC was found
50 ms earlier than in regions of the temporal cortex previously
implicated as being directly involved in object recognition (Fig. 3).
In other words, OFC activity was diagnostic of successful recogni-
tion earlier than activity in the visual cortex, supporting the critical
prediction that stems from the proposed model. This early activity
peaked in the left posterior orbital gyrus at 130 ms from stimulus
(object) onset and remained statistically significant for about 40 ms.
This result of earlier differential OFC activity (recognized vs. not
recognized) was significant for each individual subject (P ! 0.01).

As seen in Fig. 3, the sequence of recognition-related differential
activity developed first in the left OFC (Talairach coordinates: "36,
23, "14), followed by the right fusiform gyrus (at 180 ms; 34, "53,
"14), followed by the left fusiform gyrus (at 215 ms; "38, "52,
"12). The OFC activity developed significantly earlier than the
right fusiform activity (t8 # 2.95; P ! 0.01) and the left fusiform
activity (t8 # 3.26; P ! 0.01); and the right fusiform activity
developed significantly earlier than the left fusiform activity (t8 #
1.92; P ! 0.05).

Fig. 2. Recognized vs. not-recognized trials in fMRI. (A) The experimental
design. (B) A statistical activation map, illustrating the comparison between
successful and unsuccessful recognition of the same objects under identical
conditions (adapted from ref. 14). Activity in the anterior fusiform gyrus and
collateral sulcus increased linearly with increasing recognition success. In
addition, the left posterior OFC was more active for successful than for
unsuccessful recognition attempts. Here, we test the hypothesis that this focus
is the origin of top-down facilitation in visual object recognition

Fig. 3. The cortical chain of events leading to object recognition reveals OFC
activity that precedes the temporal cortex activity. (A) Anatomically (MRI)
constrained statistical parametric maps calculated from MEG, representing
the contrast between trials in which the masked objects were recognized
successfully and trials in which the same masked objects could not be recog-
nized. The estimated cortical activation is illustrated here at different latencies
from stimulus onset and is averaged across all nine subjects. Differential
activation (recognized vs. not recognized) peaked in the left OFC 130 ms from
stimulus onset, 50 ms before it peaked in recognition-related regions in the
temporal cortex. See Fig. 9, which is published as supporting information on
the PNAS web site, for lateral views. These lateral views show early dorsal
differential activity, supporting the proposal that early projection relies on
magnocellular, dorsal projection and also suggests early frontal-eye-field
differential activity. Taken together, these lateral activations provide a rea-
sonable starting point for future studies aimed at characterizing the exact
neural pathway mediating the rapid projection of LSF from early visual cortex
to the OFC. (B) Corresponding time courses of the development of the differ-
ential activation in the OFC and temporal cortex regions of interest (ROIs),
depicting p values of the difference between recognized and not-recognized
trials as a function of time from stimulus onset. The p values are averaged
within the ROI and, thus, do not perfectly correspond to the higher levels of
significance depicted in the statistical maps above. (C) Corresponding time
courses for normalized current values. Current and statistical values are pre-
sented in absolute, unsigned units.

450 ! www.pnas.org"cgi"doi"10.1073"pnas.0507062103 Bar et al.

Objects in the nonmasked, 198-ms-exposure condition were very
easy to recognize (average reaction time (RT) ! 673 " 81 ms)
compared with the recognized objects that were briefly presented
and masked (average RT ! 897 " 79 ms), and they elicited early
OFC activity that was significantly lower than that elicited by
masked, recognized trials (t8 ! 1.92; P # 0.05). This finding is
similar to the fMRI results from ref. 14, which also show little
activation difference from fixation in the OFC for the unmasked
condition, when recognition is exceptionally easy.

In addition to the OFC focus of interest, occipital visual regions
also showed early activity in the masked recognized vs. masked
not-recognized contrast, which started as early as 67 ms from
stimulus onset. Note that masks were selected randomly and, thus,
did not differ systematically between any of the conditions. Unlike
the recognized$not-recognized pattern we found in the OFC, this
activity in the occipital visual cortex was stronger for not-
recognized trials compared with recognized trials (t8 ! %2.89; P !
0.01). Furthermore, the early occipital activity showed two peaks,
separated by 90 ms, perfectly aligned with the temporal onset of the
forward and backward masks (Fig. 4). This pattern was absent in the
recognized, nonmasked trials. These early visual areas are known
to analyze basic visual properties, such as lines at different orien-
tations. Given that the masks consisted of such features and thus
were ideal for activating early visual regions, we suggest that this
early occipital activity reflects response to the masks. Consequently,
we hypothesize that at least one reason why not-recognized items
were not recognized is that the cortical analysis in the occipital
regions in those trials concentrated on the masks rather than on the
objects.

To test whether the occipital cortex, the OFC, and the temporal
cortex sites directly interact with each other as the tested model
implies, we subsequently conducted a time-frequency, trial-by-trial
covariance analysis of these data. The results demonstrate strong
synchrony between occipital visual regions and the OFC at a
relatively early stage (beginning at &80 ms after stimulus onset) and
a strong synchrony between the OFC and the fusiform gyrus activity
at a relatively later stage (130 ms after stimulus onset) (Fig. 5).
Although such phase-lock analysis lacks directionality, given the
temporal pattern observed in the MEG time courses, these results
support an early occipital–OFC feed-forward projection and a later
OFC–fusiform feedback projection. In addition, the OFC–fusiform
synchrony lasted &40 ms longer for recognized trials compared
with not-recognized trials. Furthermore, the timing of this addi-
tional locking for recognized trials coincided perfectly with differ-
ential fusiform activity, as demonstrated by the corresponding time
course. Phase-synchrony was seen primarily in the ! frequency band
(8–12.5 Hz), which is known to play a role in successful object
recognition (23). Overall, the results of this analysis provide support
for the information flow suggested by the model tested here.

Finally, can these data inform us about a specific ‘‘aha’’ moment
of recognition? Peak activity associated with the conscious com-

pletion of object recognition has been observed during the interval
250–300 ms from stimulus onset (24, 25). Although the present
study was not designed to detect cortical activity specifically asso-
ciated with a possible recognition moment, our data indicate
maximal fusiform activity during the same time interval (Fig. 3), in
agreement with those previous studies. It is important to empha-
size, however, that successful recognition is associated more with a
gradual increase of temporal cortex activity than with a distinguish-
able step function of activity reminiscent of an aha moment (14).

In summary, this experiment demonstrated that recognition-
related activity developed significantly earlier in the OFC than in
object areas in the visual cortex. In the subsequent study, we tested
the second critical hypothesis: that this early OFC activity is driven
by LSF in the image.

The Early Recognition-Related Activity in the OFC Depends on Spatial
Frequencies in the Image (Experiment 2). In the model tested here,
it was proposed that a LSF representation of the input image is
projected directly to the OFC (11), possibly through the dorsal
magnocellular pathway. This early and rudimentary projection then
activates information in the OFC that subsequently sensitizes the
representation of the most likely candidate objects in the temporal
cortex as a predictive ‘‘initial guess.’’ Indeed, physiological findings
indicate that the magnocellular pathway conveys LSF information
early and rapidly (26–28). Anatomical studies regarding direct
connections between early visual areas and the prefrontal cortex
that will support such a bypass projection are lacking in humans (29)

Fig. 4. Normalized time courses for the occipital cortex. These are main
effects (i.e., each condition minus the prestimulus baseline) in the earlier
occipital visual areas. The two peaks of the masked conditions are separated
by 90 ms and correspond to the onset of the forward and backward masks.

Fig. 5. Phase-locking analysis, showing significant trial-by-trial phase co-
variance between occipital visual areas and the OFC and, later, between the
OFC and the fusiform gyrus. (A) Standard deviations above baseline of the
phase-locking between the occipital visual areas and the OFC. Representative
ROIs are shown in the right column. (B) OFC–fusiform phase-locking statistics
for trials in which the masked objects were successfully recognized. (C) OFC–
fusiform phase-locking statistics for trials in which the masked object was not
recognized. (D) Recognized vs. not-recognized activity in the fusiform re-
peated here to emphasize that OFC–fusiform phase-locking lasted 40 ms
longer in recognized trials than in not-recognized trials, coinciding with the
peak of differential activity in the fusiform.
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Ques%ons	  to	  ask	  using	  MEG/EEG	  

•  Temporal	  ques%ons	  
•  Neuroimaging	  ques%ons	  with	  very	  short	  inter-‐s%mulus-‐

intervals	  


