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A.	Personal Statement
I am excited about working with Rebecca Esquenazi on her project to study visual cortical plasticity and its implications for sight restoration technology.  I bring to this project over 20 years of experience with visual psychophysics, 10 years of work on electrical retinal prosthetics, and my background on computational neuroscience.  The aims of her proposal fit well with the general approach in my research which is to understand the relationship between stimulation of the sensory system, either through natural stimuli or via prosthetics, and perceptual experience.  Much of this work has been through the use of functional MRI to understand the relationship between the neuronal representation of a stimulus and the perceptual experience of the observer. I outline some of the directions of my research below.
While the majority of my research has involved neuroimaging and visual attention, I have maintained a long-term interest in visual prosthetics. I have found that my skills for developing models to understand neuroimaging data translate naturally for modelling behavioral results from patients with visual prosthetics. In particular, skills developed in my research on attention translated naturally to developing models to predict behavioral results across a range of experimental measures in patients with prosthetics such as detection (Horsager, Greenwald et al., 2009), temporal interactions between electrodes (Horsager, Boynton et al., 2011), and brightness matching (Nanduri, Fine et al., 2012). I also worked closely with Dr. Fine to develop the initial ‘Virtual Patient’ model that formed the seed for the model in the proposed experiments (Fine & Boynton, 2015). 
Horsager A, Greenwald SH, Weiland JD, Humayun MS, Greenberg RJ, McMahon MJ, Boynton GM, Fine I. Predicting visual sensitivity in retinal prosthesis patients. Investigative ophthalmology & visual science. 2009;50(4):1483-91. doi: 10.1167/iovs.08-2595. PubMed PMID: 19098313; PMCID: 2729061.
Horsager A, Boynton GM, Greenberg RJ, Fine I. Temporal interactions during paired-electrode stimulation in two retinal prosthesis subjects. Investigative ophthalmology & visual science. 2011;52(1):549-57. doi: 10.1167/iovs.10-5282. PubMed PMID: 20720224; PMCID: 3053297.
Nanduri D, Fine I, Horsager A, Boynton GM, Humayun MS, Greenberg RJ, Weiland JD. Frequency and amplitude modulation have different effects on the percepts elicited by retinal stimulation. Investigative ophthalmology & visual science. 2012;53(1):205-14. doi: 10.1167/iovs.11-8401. PubMed PMID: 22110084; PMCID: 3292357.
Fine I, Boynton GM. Pulse trains to percepts: the challenge of creating a perceptually intelligible world with sight recovery technologies. Philosophical transactions of the Royal Society of London Series B, Biological sciences. 2015;370(1677):20140208. doi: 10.1098/rstb.2014.0208. PubMed PMID: 26240423; PMCID: 4528820.
B.	Positions and Honors

Positions and Employment

1998 - 2004	Assistant Professor, Systems Neurobiology Laboratory, The Salk Institute for Biological Studies, La Jolla, California
1999 - 2007	Assistant Adjunct Professor, Department of Psychiatry, University of California, San Diego
1999 - 2007	Assistant Adjunct Professor, Department of Neurosciences, University of California, San Diego
2001 - 2007	Associate Director for Human Neuroscience Research, Center for Functional    Magnetic Resonance Imaging, University of California, San Diego
2004 - 2007	Associate Professor, Systems Neurobiology Laboratory, The Salk Institute for Biological Studies, La Jolla, California
2007 – present	Associate Professor, Department of Psychology, University of Washington
2008 -  present	Co-director, UW Diagnostic Imaging Service Center (DISC)

Honors and Awards

Graduated Cum Laude, University of California, San Diego, 1987
Dana Foundation Research Grant to study the Neural Basis of the fMRI Signal, 2001-2002
National Research Service Award, 1994-1997	
Elected as a fellow of the Society for Experimental Psychologists, 2008

Other Experience and Professional Memberships

2001 -			Member, Vision Sciences Society
1987 -			Fellow, Psychonomic Society
2008 - 			Fellow, American Psychological Association
2004			Editor of a special issue of Spatial Vision on Visual Search and Attention
2005 - 2008	Editorial Board, Journal of Vision

Honors

1979-1982		National Science Foundation Graduate Fellowship
1982-1984		National Eye Institute Training Grant
1988-1989		Invited to Stanford University
1990			Invited to Attention and Performance XIV
2008			Davida Teller Distinguished Faculty Award
2008			Fellow in the American Psychological Society

C. Contribution to Science

The aims of this proposal fit well with the general approach in my research which is to understand the relationship between stimulation of the sensory system, either through natural stimuli or via prosthetics, and perceptual experience.  Much of this work has been through the use of functional MRI to understand the relationship between the neuronal representation of a stimulus and the perceptual experience of the observer. I outline some of the directions of my research below.

1. Visual Prostheses

I have maintained a long-term interest in visual prosthetics. I have found that my skills for developing models to understand neuroimaging data translate naturally for modelling behavioral results from patients with visual prosthetics. In particular, skills developed in my research on attention translated naturally to developing models to predict behavioral results across a range of experimental measures in patients with prosthetics such as detection (Horsager, Greenwald et al., 2009), temporal interactions between electrodes (Horsager, Boynton et al., 2011), and brightness matching (Nanduri, Fine et al., 2012). I also worked closely with Dr. Fine to develop the initial ‘Virtual Patient’ model that formed the seed for the model in the proposed experiments (Fine & Boynton, 2015). 

Horsager A, Greenwald SH, Weiland JD, Humayun MS, Greenberg RJ, McMahon MJ, Boynton GM, Fine I. Predicting visual sensitivity in retinal prosthesis patients. Investigative ophthalmology & visual science. 2009;50(4):1483-91. doi: 10.1167/iovs.08-2595. PubMed PMID: 19098313; PMCID: 2729061.
Horsager A, Boynton GM, Greenberg RJ, Fine I. Temporal interactions during paired-electrode stimulation in two retinal prosthesis subjects. Investigative ophthalmology & visual science. 2011;52(1):549-57. doi: 10.1167/iovs.10-5282. PubMed PMID: 20720224; PMCID: 3053297.
Nanduri D, Fine I, Horsager A, Boynton GM, Humayun MS, Greenberg RJ, Weiland JD. Frequency and amplitude modulation have different effects on the percepts elicited by retinal stimulation. Investigative ophthalmology & visual science. 2012;53(1):205-14. doi: 10.1167/iovs.11-8401. PubMed PMID: 22110084; PMCID: 3292357.
Fine I, Boynton GM. Pulse trains to percepts: the challenge of creating a perceptually intelligible world with sight recovery technologies. Philosophical transactions of the Royal Society of London Series B, Biological sciences. 2015;370(1677):20140208. doi: 10.1098/rstb.2014.0208. PubMed PMID: 26240423; PMCID: 4528820.

2. Research on the response properties of the fMRI signal

Functional MRI (fMRI) was in its infancy when I started my postdoc at Stanford University with David Heeger in 1994. It had been only a few years since the original papers were published showing that a blood oxygen level dependent (BOLD) signal could serve as a correlate of brain responses using standard clinical MRI scanners. The method was so new that almost nothing was known about the relationship between the BOLD signal and the underlying neuronal response. David Heeger and I wanted to apply fMRI to study the human visual system, but before we could get started we decided to run a series of experiments to determine if we were working with a well-behaved measure of neuronal activity. Specifically, we wanted to see if the BOLD response behaved linearly in time so that, for example, the response to two successively presented stimuli could be predicted from the response to single stimuli alone. To our surprise, we found that the BOLD signal was remarkably linear. This greatly simplified the interpretation of fMRI results – the linear model is the backbone of nearly all fMRI analysis software packages. Our publication of this result in the Journal of Neuroscience in 1996 formed the justification for nearly all fMRI analysis methods today (Boynton, Engel et al. 1996). More importantly, it meant that we could proceed with our original plans to investigate the human visual system with fMRI.
I have since maintained an interest in the ‘hemodynamic coupling problem’ and have published work on the effects of adaptation (Boynton and Finney 2003) and transients (Tuan, Birn et al. 2008) on the fMRI signal. I have also enjoyed writing a series of commentaries and reviews on the topic (e.g. Boynton 2005).

Boynton, G. M., S. A. Engel, et al. (1996). "Linear systems analysis of functional magnetic resonance imaging in human V1." J Neurosci 16(13): 4207-4221.
Tuan, A. S., R. M. Birn, et al. (2008). "Differential transient MEG and fMRI responses to visual stimulation onset rate." International Journal of Imaging Systems and Technology 18(1): 17-28.
Boynton, G. M. (2005). "Imaging orientation selectivity: decoding conscious perception in V1." Nat Neurosci 8(5): 541-542.
Finney, E. M. and G. M. Boynton (2003). "Orientation-specific adaptation in human visual cortex." J. Neurosci .

3. Effects of spatial attention in primary visual cortex (V1)

Around this time, the first studies were published showing that attention could affect the neuronal responses in higher areas of the macaque visual cortex such as area and MT. It was natural to apply fMRI to see if we could find effects of spatial attention in the human visual cortex. We were surprised to find robust effects of spatial attention not only in higher visual areas, but also in V1 (Gandhi, Heeger et al. 1999). This result was so novel that we had some difficulty getting our results through the review process, but in the end two other laboratories had just discovered the same result (Martinez, Anllo-Vento et al. 1999; Somers, Dale et al. 1999). Since then, effects of attention on fMRI responses in V1 have been published hundreds of times (many in my own laboratory); this is now literally textbook knowledge.
A curious fact is that the effects of spatial attention on the BOLD signal in human V1 appear to be larger than what is expected from monkey electrophysiology studies, especially for weak or low contrast stimuli. My research back at the Salk Institute showed that the strength of these attentional effects did not depend on the strength, or contrast, of the physical stimulus (Buracas and Boynton 2007). This apparent discrepancy between human fMRI and monkey electrophysiology results has been an ongoing topic of my research. One intriguing explanation is that because the BOLD signal presumably reflects an aggregate response over a large pool of neurons, the BOLD signal may actually be more sensitive than single-unit measures. I’ve discussed this possibility and a variety of other possible explanations in a review (Boynton 2011).

Boynton, G. M. (2011). "Spikes, BOLD, attention, and awareness: a comparison of electrophysiological and fMRI signals in V1." J Vis 11(5): 12.
Buracas, G. T. and G. M. Boynton (2007). "The effect of spatial attention on contrast response functions in human visual cortex." J Neurosci 27(1): 93-97.
Gandhi, S. P., D. J. Heeger, et al. (1999). "Spatial attention affects brain activity in human primary visual cortex." Proc Natl Acad Sci U S A 96(6): 3314-3319.

4. Feature-based attention

Attention can be directed to locations in space (spatial attention, described above), or to different features such as toward directions of motion, or colors (feature-based attention). Early single-unit studies in macaque showed that attention to a specific feature enhanced the responses in neurons that are selective to that feature, and suppressed the response in neurons selective away to the attended feature. These effects of feature-based attention can be found in the responses of neurons with receptive fields far away from the spatial focus of attention. 
We were able to find the first effects of such global feature-based attentional effects in humans using fMRI (Saenz, Buracas et al. 2002, 2003). We measured the fMRI response to an unattended moving stimulus while subjects attended to either a matching or un-matching direction in the opposite hemifield. Consistent with the electrophysiological study, we found a greater fMRI response to the unattended stimulus when it matched the direction of motion attended elsewhere. This ‘global feature-based’ attentional effect was found all over the visual cortex, including area V1. We also found that it applies to color so that attention to a color (say, green) on one side of the visual field enhances the responses to all stimuli in the visual field sharing the attended color, regardless of the spatial focus of attention. This mechanism has implications for tasks such as visual search which is greatly benefited by knowing the feature of an object that you are looking for. 
In a later study, we applied a new method of fMRI data analysis called ‘multi-voxel pattern analysis’ (MVPA) to show that feature-based attention affected the pattern of responses across voxels in early visual areas, including V1, even in the absence of a stimulus (Serences and Boynton 2007). That is, just like for spatial attention, feature-based attention appears to modify neuronal responses in a way that is independent of the physical stimulus. One interpretation of these results is that spatial and feature-based attention is modulating baseline neuronal responses in the anticipation of an incoming visual stimulus, perhaps setting up the network to be particularly sensitive to incoming visual stimulation that matches the attended locations and features. 

Serences, J. T. and G. M. Boynton (2007). "Feature-based attentional modulations in the absence of direct visual stimulation." Neuron 55(2): 301-312.
Saenz, M., G. T. Buracas, et al. (2003). "Global feature-based attention for motion and color." Vision Res 43(6): 629-637.
Saenz, M., G. T. Buracas, et al. (2002). "Global effects of feature-based attention in human visual cortex." Nat Neurosci 5(7): 631-632.

5. 	Divided attention
The research described above is on selective attention in which attention is directed to one location or feature at a time while ignoring all other parts of the visual field. In everyday life, however, we regularly have to divide our attention between stimuli at different spatial locations or between multiple features or objects. While there is a deep literature on how divided attention affects behavioral responses, but much less is known about how divided attention modulates neuronal responses in sensory cortex. 
a.  No cost to dividing attention for detecting simple features My most current research, and the focus of this proposal, is about understanding the neuronal mechanisms of divided attention in the visual system. In three recent publications, we show that our ability to divide attention depends strongly on the task and stimulus.  When detecting simple stimuli in noise, subjects are able to divide spatial attention to two locations at no cost.  fMRI responses in early visual areas reflect this ability for the visual system to process these stimuli in parallel  (White et al., 2012). Similarly, it is much easier to divide attention between the color and the motion of a single surface than to attend to the color of one surface and the motion of another (Ernst, Palmer et al. 2012). \
b. High cost to dividing attention for words Most recently, with Postdoc Alex White, and collaborator John Palmer, we have discovered the remarkable result: it is essentially impossible to divide attention while categorizing two words at the same time (White, Runeson et al. 2017).  Pilot neuroimaging results, described in this proposal, shed light on the neural locus of this bottleneck.
Ernst, Z. R., J. Palmer and G. M. Boynton (2012). "Dividing attention between two transparent motion surfaces results in a failure of selective attention." J Vis 12(12).
White, A. L., E. Runeson, J. Palmer, Z. R. Ernst and G. M. Boynton (2017). "Evidence for unlimited capacity processing of simple features in visual cortex." J Vis 17(6): 19.
White, A. L., J. Palmer and G. M. Boynton (2018). "Evidence of Serial Processing in Visual Word Recognition." Psychol Sci 29(7): 1062-1071.
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