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Abstract  11 

Most natural visual tasks involve the extraction of visual features from suprathreshold contrast 12 

backgrounds, hence an understanding of how aging impacts on contrast mechanisms is essential 13 

to understand elderly visual function. Previous studies have revealed increased perceptual 14 

surround suppression of contrast in older adults. We aimed to determine whether such age-15 

related effects depend on the centre or surround stimulus contrast as the neurophysiological 16 

mechanisms underpinning contrast-contrast suppression depend on such contrast relationships. 17 

We also measured surround suppression of contrast for longer duration and shorter duration 18 

stimuli  to explore for effects of surround adaptation Fifteen younger and 15 older adults 19 

performed a centre-surround contrast discrimination task for a variety of centre-surround 20 

contrast combinations (20, 40 and 80% contrast). Stimulus duration was 500ms. The 40% centre, 21 

80% surround condition was also presented for 100ms duration. Relative to younger adults, 22 

perceptual surround suppression was increased for the older group for low, but clearly 23 

suprathreshold, central contrasts (20% contrast), whilst both groups performed similarly for 24 

stimuli with high centre contrasts. Data was best fit by a model with both increased inhibitory 25 

and excitatory weightings in the older group. Reduced stimulus duration increased perceptual 26 

surround suppression for both groups consistent with reduced adaptation to the surround, and 27 

did not explain the difference in suppression magnitude between groups. Understanding the 28 

stimulus parameters that elicit increased surround suppression in older adults is key to directing 29 

future work exploring underlying neural substrates, in addition to potentially being useful for 30 

predicting performance on more complicated natural visual tasks such as object and scene 31 

perception.  32 

Keywords: Surround suppression, aging, contrast processing, center-surround  33 

34 
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1. Introduction  35 

In recent years, there has been considerable study of the age-related effects on centre-surround 36 

cortical mechanisms within the human and primate visual system. Much of this research has 37 

been motivated by observations from primate research that are consistent with a reduction in 38 

inhibitory function within the ageing visual cortex (Leventhal et al. 2003; Schmolesky et al. 2000). 39 

The theory of altered inhibition is supported by neurophysiological evidence for altered cellular 40 

properties that are known to depend, at least in part, on inhibition.  For example, orientation 41 

tuning and direction selectivity of neurons are both reduced in the aged non-human primate 42 

primary visual cortex. Conversely, spontaneous and visually evoked neural activity is increased 43 

(Leventhal et al. 2003; Schmolesky et al. 2000). Leventhal et al. (2003) showed that after GABA 44 

administration to individual V1 cells in aged primate, the percentage of orientation biased 45 

neurons increased from 39% to 81% of cells tested. A more recent study has shown that the 46 

strength of surround suppression is decreased in suppressive V1 neurons of older primates (Fu 47 

et al. 2010). Neurons of older animals that were less orientation and direction selective, exhibited 48 

significantly reduced surround suppression (76% of neurons tested). The remaining neurons, 49 

that did not show reduced orientation selectivity, exhibited similar suppression to those of 50 

younger monkeys. The authors suggested that the findings of age related alterations of 51 

orientation and direction tuning (Leventhal et al. 2003; Schmolesky et al. 2000), might be linked 52 

to the same mechanism underpinning a decrease in neuronal surround suppression (Fu et al. 53 

2010). 54 

 55 

Neuronal centre-surround effects result from a complex network of excitatory and inhibitory 56 

connections (Angelucci and Bressloff 2006; Angelucci and Bullier 2003; Chisum and Fitzpatrick 57 

2004) hence any process that alters the balance between inhibition and excitation may alter the 58 
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net balance of these connections. In humans, there are several psychophysical tasks that are 59 

understood to provide perceptual analogues of neural centre-surround suppression. One such 60 

task is the contrast-contrast phenomenon, where the perceived contrast of a given stimulus can 61 

vary depending on the context in which it is presented (Cannon and Fullenkamp 1991; Yu et al. 62 

2001). An alternate method that has been used to explore perceptual effects of surround 63 

suppression is the motion discrimination task originally described by Tadin et al (2003). 64 

Increasing the size of a high contrast drifting stimulus makes it harder to determine the direction 65 

of its motion. This is measured as an increase in duration threshold; the amount of time the 66 

stimulus is required to be presented in order to correctly identify the direction of the motion. An 67 

increase in duration threshold for large, high contrast stimuli, relative to smaller stimuli, has been 68 

suggested to represent surround suppression from the centre-surround antagonistic properties of 69 

neurons in visual area V5 (Tadin et al. 2003; Tadin et al. 2011).  70 

 71 

A simple theory of reduced inhibitory function in ageing, leads to predictions of reduced 72 

perceptual surround suppression in older adults. There is support for this in the literature. Betts 73 

et al. (2005) found by using the motion discrimination task (Tadin et al. 2003), that older adults 74 

produced shorter duration thresholds for large, high contrast stimuli, indicating that they were 75 

better able to discriminate the direction of motion of a large, high contrast stimulus than younger 76 

adults.  The improvement in performance with age was suggested to be due to a decrease in 77 

surround suppression. However, contrast-contrast tasks lead to the opposite result. Using the 78 

contrast-contrast discrimination task, we have previously shown that perceptual surround 79 

suppression is increased in older adults leading to greater contrast suppression. An increase in 80 

contrast suppression in older groups is replicable, and has been observed for high contrast 81 

textured stimuli (Karas and McKendrick 2009), grating stimuli, both in-phase and out-of phase 82 

between centre and surround (Karas and McKendrick 2011) and for drifting stimuli (Karas and 83 
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McKendrick 2012). The seemingly conflicting findings for the motion duration task and the 84 

centre-surround contrast task are potentially informative regarding the mechanisms 85 

underpinning these perceptual phenomena and the intersection of these with the ageing process. 86 

A disconnect between the outcomes of these measures is not the case for other conditions where 87 

centre-surround tasks have been used as perceptual analogues of cortical inhibition such as 88 

migraine and schizophrenia (Battista et al. 2010; Battista et al. 2011; Dakin et al. 2005; Tadin et 89 

al. 2006). While there are a number of differences between the motion duration task and the 90 

perceived contrast task, key differences are the uniformity of contrast across the stimulus for the 91 

motion task (relative to the different centre-surround contrasts in the perceived contrast task); 92 

and considerable differences in stimulus duration (thresholds of approximately 100ms for the 93 

motion task, and typical stimulus displays of 500ms for the contrast task). The purpose of our 94 

current experiments was to determine whether either the centre-surround contrast configuration 95 

or stimulus duration, can shed light on why older adults show increased rather than the predicted 96 

decrease of suppression with the contrast-contrast task.  97 

Both neurophysiological (Cavanaugh et al. 2002b; Levitt and Lund 1997; Schwabe et al. 2010) 98 

and psychophysical (Cannon and Fullenkamp 1991; Xing and Heeger 2001; Yu et al. 2001) 99 

experiments demonstrate that the balance between suppression and excitation depends on the 100 

ratio of contrast between centre and surround. Behaviourally, the amount of surround 101 

suppression versus enhancement is typically dependent on the contrast ratios between centre and 102 

surround, with surround suppression when the surround contrast is higher than the centre and 103 

surround enhancement when the surround contrast is lower than the centre contrast (Ejima and 104 

Takahashi 1985; Xing and Heeger 2001). Centre-surround interactions at a cellular level in V1 105 

also depend on centre and surround contrast (Levitt and Lund 1997; Webb et al. 2005), with 106 

response properties suggesting different input mechanisms depending on contrast. When stimuli 107 

are high contrast, surround suppression is strongly orientation tuned, with suppressive effects 108 
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present when the orientation of the centre and surround are matching (Levitt & Lund, 1997). At 109 

low contrast, suppressive effects do not display this orientation tuning (Levitt and Lund 1997).  110 

Webb et al (2005) varied the contrast between the centre and surround, and showed that when 111 

the centre contrast was low, V1 suppressive tuning was broadband and monocularly driven and 112 

when the centre contrast was high, spatiotemporal tuning was sharp and binocularly driven. The 113 

authors suggest that the origins of the different contrast dependent surround suppression 114 

responses include early in the visual pathway (possible the LGN or input layers of V1) and then 115 

later, within V1 and/or feedback from extrastriate areas (Webb et al. 2005). This evidence for the 116 

mechanisms of contrast suppression being dependent on contrast relationships between the 117 

centre and surround areas forms motivation for our first experiment in this study.  118 

We also investigated the effect of reducing stimulus duration for the perceived contrast task. 119 

When a stimulus is high contrast, surround adaptation results in the surround being less effective 120 

at suppressing the centre with increasing stimulus duration (Cavanaugh et al. 2002a; Patterson et 121 

al. 2013; Wissig and Kohn 2012). It is plausible that the increase in surround suppression 122 

demonstrated by older adults for centre-surround contrast stimuli, is not due to an increased 123 

suppressive effect per se, but due to a reduction in adaptation. In this case, older and younger 124 

adults should perform similarly for shorter presentation durations (where surround adaptation 125 

has not yet been activated) but perform differently at longer presentation durations after 126 

surround adaptation is present.  Our second experiment tests this hypothesis. 127 

 128 
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2. Materials & Methods 129 

The current study included two groups: 15 young adults (20 to 30 years) and 15 older adults (65 130 

to 79 years). Ethics approval was granted by the Human Research Ethics Committee of The 131 

University of Melbourne and all participants provided written consent prior commencing the 132 

research according to a protocol consistent with the Declaration of Helsinki. Participants 133 

attended for two sessions of up to two hours in duration. The first visit included a general eye 134 

examination (refraction, ophthalmoscopy, slit lamp and tonometry) to ensure study eligibility. 135 

Participants’ best corrected visual acuity was required to be 6/7.5 or better with a refractive error 136 

limit of ±5D spherical with 2D of astigmatism. Normal findings of ocular health assessment for 137 

age including anterior eye and optic nerve assessment were required. Participants also provided 138 

information about their general health, to exclude people with systemic conditions known to 139 

affect visual function (for example, diabetes, migraine, schizophrenia, and epilepsy) or who were 140 

taking medications known to affect visual function (e.g., anti-anxiety or anti-depressant 141 

medications). 142 

Experiments were conducted using a personal computer with a gamma-corrected Sony G520 21-143 

inch CRT monitor (frame rate 120Hz, resolution 800 x 600 pixels, and maximum luminance 100 144 

cd/m2). Custom software was written in Matlab 7.0 (Mathworks, Natick, MA, USA) and stimuli 145 

were displayed using a ViSaGe graphics system (Cambridge Research Systems, Kent, UK). 146 

Stimuli were viewed binocularly from a distance of 1 metre, maintained using a chin rest.  147 
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2.1. Experiment 1 148 

The stimulus consisted of a small central circular patch of sinusoidal grating (0.67 deg diameter, 149 

4 c/deg) that was presented either alone or surrounded by an annulus of the same grating (4 deg 150 

diameter, 4 c/deg). Both centre and surround gratings were oriented vertically and were in the 151 

same phase. There were three contrasts for the centre stimulus (20%, 40% and 80%) and three 152 

contrasts for the surround (20%, 40%, 80%) resulting in nine centre-surround conditions. A 0.1 153 

deg gap was inserted in order to enable identification of the centre and surround when they were 154 

of equal contrast (see Figure 1Figure 1). The gap was present for all contrast combinations in 155 

order to keep any effects of gap consistent across all conditions.  156 

 157 

Figure 1. Examples of stimuli used. Stimuli here are examples where centre contrast was 158 

lower than surround (A), the same contrast (B), and higher contrast than the surround (C). 159 

Stimuli had a spatial frequency of 4 c/deg. Centre and surround were separated by a gap of 160 

0.1 deg. Contrasts used for centre and surround were 20, 40 and 80%.  161 

 162 
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A two-interval forced choice procedure (2IFC) was used where the observer was required to 163 

nominate which interval contained the central patch that appeared to be of higher contrast. 164 

During the first interval a test central patch of variable contrast was presented for 500ms. After 165 

an inter-stimulus interval (ISI) of 500ms, a second interval displayed a central target surrounded 166 

by the annulus again for 500ms. The contrast of the central patch presented alone (1st interval) 167 

was determined using a 1-up, 1-down staircase procedure. The contrasts of the centre and 168 

surround (2nd interval) were kept constant. In order to obtain a contrast matching threshold, 169 

when the observer reported the isolated patch to be higher in contrast, the contrast was reduced 170 

by a step size of 10% of the central contrast. If the isolated patch was reported to be of lower 171 

contrast, then it was increased by a step size. Similar staircase procedures have been previously 172 

used to measure centre-surround suppression (Kilpeläinen et al. 2007; Xing and Heeger 2001). 173 

The staircase terminated after 10 reversals with the average of the last eight reversals being used 174 

as an estimate of perceived contrast. The task was run four times for each contrast condition 175 

with the final perceived contrast being the average from the four runs (4 x 8 reversals). A 176 

suppression ratio was calculated (perceived contrast / physical contrast) to quantify the strength 177 

of the centre-surround interactions. A value below 1 indicates surround suppression, while a 178 

value above 1 indicates enhancement. 179 

2.1.1. Contrast thresholds for central stimulus alone 180 

 181 

Contrast thresholds were measured for each observer to ensure that the 20% contrast stimulus 182 

was suprathreshold as it is well documented that contrast sensitivity declines with increasing age 183 

(Elliott et al. 1990; Elliott 1987; Owsley et al. 1983; Sloane et al. 1988; Wright and Drasdo 1985). 184 

Contrast threshold was measured using a 2IFC procedure where observers were required to 185 

nominate which of two intervals contained the small target grating (0.67 deg). The two intervals 186 
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were indicated by audio cues. Observers were instructed to identify if the target appeared in the 187 

first or second interval. Stimuli were presented using a Method of Constant Stimuli (MOCS) 188 

with 7 contrast levels. Each contrast level was presented 10 times per run, with at least two runs 189 

performed by each observer (minimum of 140 trials). An initial MOCS procedure (10 contrast 190 

levels, presented 4 times each) was conducted to estimate the midpoint of the psychometric 191 

function and to provide training prior to the main task. Fifteen younger and 13 older observers 192 

from Experiment 1 completed this task. 193 

The contrast threshold data collected was used to generate psychometric functions of 194 

performance for each observer. Best fitting functions were found using Equation 1(Marquart-195 

Levenberg algorithm) in SigmaPlot 8.0 (SPSS, Chicago, IL, USA).  196 

))/)exp((1/(5.05.0)( bxaxf         Equation 1 197 

where a is where the stimulus is detected on 75% of the trials, and b  provides a measure of the 198 

spread of the function.    199 

 200 

2.1.2. Modelling 201 

 202 

Xing and Heeger (2001) published a computational model of perceptual centre-surround 203 

interactions. The basis of the model has been previously used to fit psychophysical contrast 204 

discrimination data (Boynton et al. 1999; Foley 1994) and is closely related to models of the 205 

responses of V1 neurons (Albrecht and Hamilton 1982; Heeger 1992): 206 
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          Equation 2 207 

where Rm is the response (firing rate), Cm is the contrast of the isolated patch, a, p and q are free 208 

parameters and k is a constant. 209 

Based on Heeger’s normalisation model, where a visual response is normalised by the pooled 210 

activity from neighbouring neurons, Xing and Heeger (2001) extended Equation 2 to include 211 

surround suppression and surround enhancement with the final model being 212 
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         Equation 3 213 

where Rt is the response to the central stimulus, Ct is the central contrast, Cs is the surround 214 

contrast, Wi is the suppression weight, qi is the exponent of the surround suppression, We is the 215 

enhancement weight, pe is the exponent of surround enhancement. Full details of the model 216 

development are available in Xing and Heeger (2001). 217 

The response to the central patch is determined by four components (local excitation, local 218 

inhibition, surround excitation and surround inhibition). These four components are 219 

characterised by an exponent parameter in the model p, q, pe, qi, respectively. Three weights a, We 220 

and Wi determine the relative contributions of local excitation, surround excitation and surround 221 

inhibition, respectively.  222 

The model of Xing and Heeger (2001) was fit to our data for each individual participant. Xing 223 

and Heeger (2001) fixed some of the parameters, p = 2.3, q = 2, and a = 0.01, as minimal 224 
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differences in the model fits were seen when these parameters were adjusted. These parameters 225 

were also fixed here. While Xing and Heeger (2001) additionally fixed qi and pe, these parameters 226 

were floated for some of the model fitting conducted here. In addition, the main parameters of 227 

interest, We and Wi, were also floated, consistent with Xing and Heeger (2001). Constraints were 228 

set for the variable parameters such that pe and qi  were ≥ 0.001, We was ≤ 3 but >0, and Wi was 229 

≤ 3 but > 0.  230 
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2.2. Experiment 2: Temporal properties of surround suppression 231 

Experiment 2 investigated whether reducing the stimulus presentation time altered the relative 232 

difference in surround suppression between older and younger adults. For the stimulus 233 

combination of 40% centre, 80% surround contrast, the perceived contrast was measured for 234 

stimuli that were presented for 100ms. 100ms was chosen because it is similar to the duration 235 

thresholds obtained using motion discrimination tasks where older adults appear to have weaker 236 

rather than stronger surround suppression (Betts et al. 2005; Karas and McKendrick 2012). 237 

Experimental procedures were identical to Experiment 1 with the exception of the shorter 238 

stimulus duration (100ms). Experiment 1 and 2 were performed concurrently within the 2 test 239 

sessions, hence the 40/80% contrast combination was chosen based on prior studies which had 240 

shown increased surround suppression in older adults for comparable stimulus contrasts (Karas 241 

and McKendrick 2009; Karas and McKendrick 2012). All fifteen younger observers and thirteen 242 

of the older observers from Experiment 1 completed this experiment. 243 

 244 

 245 

 246 

 247 
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 3. Results 248 

3.1. Experiment 1: Varying Centre-surround contrast ratios 249 

3.1.1. Contrast thresholds 250 

Group and individual data are plotted in Figure 2Figure 2, which shows increased mean 251 

thresholds for older adults compared to younger observers (young: 0.93% ± 0.33, older: 1.45% 252 

± 0.63; t(17.45) = -2.67, p=0.02). The highest measured threshold was less than 3%, hence the 253 

minimum reference contrast of 20% within the main experiment was suprathreshold for all 254 

observers.  255 

Figure 2. Contrast thresholds for younger (square symbols) and older (circle symbols) observers. Mean group data 256 

(filled shapes) and individual data (unfilled shapes) are presented. Error bars represent 95% confidence interval of 257 

the mean. 258 
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3.1.2. Contrast discrimination task 259 

Figure 3Figure 3 plots the group mean data for the different surround contrasts (20, 40 and 260 

80%). Both age groups showed an increase in surround suppression with increasing surround 261 

contrast (Figure 3Figure 3 - Panel C compared to Panel A). Suppression was greatest when 262 

surround contrast was higher than centre contrast, with little suppression or alternatively 263 

enhancement when the centre contrast was higher than the centre. A mixed-design ANOVA was 264 

used to analyse the suppression ratio data, with factors of age, centre contrast and surround 265 

contrasts. Groups performed differently with an overall increase in surround suppression in the 266 

older group (main effect of group: (F (1, 28) =6.88, p=0.01). Differences between the groups 267 

were greatest when centre contrast was low, with groups performing similarly when the centre 268 

contrast was high (80%) (group x centre interaction: F (1.419, 28) =5.89, p=0.01). There was no 269 

surround x group interaction (p>0.05). 270 

 271 

Figure 3. Suppression ratios plotted by surround contrast. Mean data is presented for both younger (black 272 

squares) and older (white circles) observers. Error bars represent 95% confidence intervals of the mean. The three 273 

different panels present the data for the three different surround contrasts a) 20% contrast b) 40% contrast and c) 274 

80% contrast. The dashed horizontal line at 1 represents veridical perception. Suppression ratios less than 1 275 

indicate surround suppression, while suppression ratios greater than 1 indicate surround enhancement. 276 
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Additional RM-ANOVAs were run investigating centre and surround contrasts individually. 277 

When comparing centre contrasts (Figure 4Figure 4), groups performed differently when 278 

surround contrasts were 20 and 40% but not when the surround was 80% (p=0.01, p=0.01, 279 

p=0.18 respectively). Significant centre contrast x group interactions (when surround was 20 and 280 

40% contrast) suggest that the difference between groups for suppression was dependent on the 281 

centre contrast (20%: p<0.01, 40%: p=0.005). Similarly, when comparing surround contrasts, 282 

groups performed differently when centre contrasts were 20 and 40% but not at 80% (p=0.02, 283 

p=0.01, p=0.43 respectively).  284 

 285 

 286 

Figure 4. Suppression ratios plotted by centre contrast. Mean data is presented for both younger (black squares) 287 

and older (white circles) observers. Error bars represent 95% confidence intervals of the mean. The three different 288 

panels present the data for the three different centre contrasts a) 20% contrast b) 40% contrast and c) 80% 289 

contrast. The dashed horizontal line at 1 represents veridical perception. Suppression ratios less than 1 indicate 290 

surround suppression, while suppression ratios greater than 1 indicate surround enhancement. 291 

 292 
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Figure 5Figure 5 shows the conditions where centre and surround contrasts were equal and 293 

demonstrates increased suppression for the older aged group (F (1, 28) = 16.81, p<0.01), when 294 

the contrasts were 20% and 40% but similar performance when centre and surround contrasts 295 

were 80%, (group x contrast interaction: F(1.82, 50.92) = 4.28, p=0.02).  296 

 297 

Figure 5. Conditions where centre and surround contrasts were equal (20, 40 and 80%). Filled symbols represent 298 

group means with the error bars representing 95% confidence intervals of the mean. Open symbols depict all 299 

individual data. 300 

 301 

3.1.3. Modelling 302 

 303 

Two models were fit: one where only We and Wi (weights of enhancement and suppression, 304 

respectively) were floated and the other where the exponents qi and pe (exponents for 305 
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suppression and enhancement, respectively) were also floated (see Equation 3). Comparing the 306 

two model fits using an F-test revealed no differences between the goodness of fits between 307 

conditions and therefore the data reported here is from the simpler condition where only We and 308 

Wi were floated. Figure 6Figure 6 plots the weights We and Wi for each group. These parameters 309 

differed between the two age groups [F (1, 28) =5.366, p=0.03], without a parameter x group 310 

interaction [F (1, 28) =1.53, p=0.23], demonstrating that older observer data was best fit with an 311 

increase in both the inhibitory and excitatory parameters relative to the younger group. In order 312 

to further investigate any difference in the balance of inhibition and excitation between the two 313 

groups the ratio of excitation and inhibition (We/Wi) was calculated and compared using a t-test. 314 

Results of the analysis confirms that the balance of excitation and inhibition was not different 315 

between the two groups (t (28) = -0.739, p = 0.466).   316 

 317 
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 318 

Figure 6. Best fit values for enhancement (We) and suppression (Wi) weights. Bars represent the group means for 319 

younger (black bars) and older (grey bars) observers. Error bars represent 95% confidence intervals of the mean. 320 

 321 

3.2. Experiment 2: Perceptual surround suppression for shorter duration 322 

stimuli.  323 

Figure 7 shows that both age groups had increased suppressive effects for the shorter 324 

presentation duration (100ms) when compared to the 500ms presentation time [F (1, 26) = 325 

34.567, p < 0.001]. Decreased suppression for longer duration stimuli is consistent with 326 

increased surround adaptation with increasing stimulus duration. For high stimulus contrast, 327 

adaptation results in the surround being less effective at suppressing the centre with increasing 328 

stimulus duration (Cavanaugh et al. 2002a; Patterson et al. 2013; Wissig and Kohn 2012). The 329 
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older group had increased suppressive effects relative to the younger group at both time points 330 

(main effect of group: F(1,26) = 10.78, p = 0.003; no significant interaction between 331 

presentation duration x group: F(1,26) = 1.90, p = 0.18).  332 

 333 

It is worth noting that the distribution of data for the 500ms stimulus for the older adults in 334 

Figure 7 appears bimodal. Twenty distributions of data were collected in this study (9 for each 335 

group in Figure 4 and additionally the 100ms data for each group in Figure 7). The 500ms older 336 

adult data for the 40/80% contrast stimulus was the only one of these twenty distributions to  337 

fail the assumption of normality (Shapiro-Wilk test, p<0.05). To confirm the conclusions of the 338 

parametric data analysis above, we also ran a bootstrapping procedure (10000 samples with 339 

replacement). The results of the bootstrapping confirmed the results from the RM-ANOVA. 340 

The mean performance of older and younger groups differed at each time-point [95% CI of 341 

mean younger – mean older for 100ms was 0.08-0.31; and for 500ms was 0.02-0.21]. The 342 

magnitude of the between group difference did not vary with stimulus duration [95% CI of the 343 

difference between the group means for 500ms subtracted from the difference between the 344 

group means for 100ms was -0.07-0.24]. 345 

 346 



  Karas & McKendrick, 2014 

21 

 

 347 

Figure 7. Suppression ratios for different stimulus presentation times for the 40/80% contrast condition. Data is 348 

presented as group means as well as individual data of young (square symbols) and older (circles) observers. Error 349 

bars represent 95% confidence intervals of the mean. 350 

 351 

4. Discussion  352 

This study explored how varying the centre versus surround contrast alters perceived contrast in 353 

younger and older adults. In both groups, an increase in surround suppression with increasing 354 

surround contrast was observed, consistent with previous studies of small groups of observers 355 

(Kilpeläinen et al. 2007; Xing and Heeger 2001). Suppression was greatest when the surround 356 

contrast was higher than the centre contrast, with little suppression or alternatively enhancement 357 
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when the centre contrast was higher than the surround (Ejima and Takahashi 1985; Xing and 358 

Heeger 2001). An overall increase in surround suppression of contrast was present in the older 359 

group compared to younger observers. Our data shows that the increase in surround suppression 360 

in older adults was more prominent for low contrast stimuli and especially when the centre 361 

contrast was low. When stimulus contrasts were high (as for the 80/80% contrast combinations) 362 

and moreover when the centre stimulus was high contrast, the two groups performed similarly.  363 

The model of Xing and Heeger (2001) was fit to the centre-surround contrast discrimination 364 

data. On average, the model fit to the older adults required a relative increase in both surround 365 

enhancement and suppression compared to the younger adults. The neural circuitry of centre-366 

surround receptive properties in primary visual cortex is complex and incompletely understood 367 

(Angelucci and Bressloff 2006; Angelucci and Bullier 2003; Schwabe 2006; Schwabe et al. 2010; 368 

Shushruth et al. 2012). It may be reasonable to assume that a decrease in GABA-ergic inhibition 369 

within the ageing system, as predicted by primate neurophysiology (Leventhal et al. 2003; 370 

Schmolesky et al. 2000), may result in an overall increase in excitation within the cortex. Yet our 371 

data shows increased inhibition of contrast. The near surround of receptive fields in primary 372 

visual cortex receives excitatory feedback from extrastriate areas to drive inhibitory interneurons 373 

(Angelucci and Bressloff 2006). Hence, a speculative possibility is that reduced cortical 374 

GABAergic inhibition might increase the excitatory feedback to lateral connections, 375 

counterintuitively increasing the perceptual inhibitory response. Indeed, the model applied to our 376 

data suggests no difference in the relative weighting between inhibition and excitation in older 377 

adults, consistent with this speculation. Nevertheless, the circuitry is complex and partially 378 

understood, as are the precise roles that GABAergic neurons contribute to visual perception. 379 

There are at least 14-17 different types of GABAergic neuron in the cortex, with an array of 380 

GABA receptive subtypes (Gupta, Wang and Makram, 2000) and the understanding of how 381 

these vary in development and ageing is only very partially complete (Pinto, Hornby, Jones and 382 
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Murphy, 2010). In addition to the cortex, suppressive mechanisms within the LGN or fed-383 

forward from LGN may also be important (Bonin et al. 2005; Webb et al. 2005). The systems of 384 

neurophysiological mechanisms that underpin spatial lateral interactions are still not entirely 385 

understood. Nevertheless, our data may be used to suggest new experiments that might 386 

contribute to mechanistic interpretation. 387 

Neurophysiological studies in primate V1 have demonstrated that at a single cell level, the 388 

relative importance of the varying neuronal connections responsible for the central response 389 

depends on the centre and surround contrasts. For example, the orientation tuning of centre-390 

surround responses depends on contrast. Levitt and Lund (1997) showed that for high contrast 391 

stimuli, surround suppression was only present when the orientation of the centre and surround 392 

were matching. However, when the centre stimulus was of low contrast, surround suppression 393 

was present irrespective of orientation difference. Additionally, it was shown that when the 394 

centre contrast was low, tuning was broadband and monocularly driven and when the centre 395 

contrast was high spatiotemporal tuning was sharp and binocularly driven (Webb et al. 2005). 396 

These results suggest that surround suppression for lower contrast stimuli has a strong 397 

contribution from early in the visual pathway (possible the LGN or input layers of V1). It has 398 

been previously assumed that differences in perceptual surround suppression in older adults arise 399 

cortically (Betts et al. 2009; Betts et al. 2005), however the greater age-related effects for lower 400 

central contrasts point to involvement earlier in the visual pathway. Our data suggests a pre-401 

cortical contribution, which could be tested in future experiments, for example, via dichoptic 402 

testing.  403 

It is worth noting that previous experiments have demonstrated that increased surround 404 

suppression of contrast is not readily explicable  by reduced contrast sensitivity in older adults 405 

(Karas and McKendrick 2009; McKendrick et al. 2013). Specifically, in an earlier study we 406 
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individually determined the centre-surround stimulus contrast for younger adults to 407 

approximately match the effective contrast of the aged group. On average, the older group was 408 

presented with a stimulus contrast of 70% centre, 40% surround, while the on-average younger 409 

group stimulus contrast was 35% centre, 20% surround. Significant between group differences in 410 

contrast suppression remained, with the older group still demonstrating on-average increased 411 

contrast suppression relative to the younger group (Karas and McKendrick, 2011).  412 

 413 

In Experiment 2, perceptual surround suppression for the 40/80% contrast combination was 414 

measured for a shorter duration stimulus in an attempt to reduce effects of surround adaptation. 415 

In primate and cat primary visual cortex, surround adaptation has been demonstrated for high 416 

contrast stimuli where the effect of the surround is weakened once adaptation has taken place 417 

(Cavanaugh et al. 2002a; Durand et al. 2007; Wissig and Kohn 2012). We hypothesised that the 418 

increased surround suppression observed in older adults for longer duration stimuli might 419 

actually arise from altered adaptation because stronger suppression is predicted if adaptation to 420 

the surround is weakened. Our data does not support this hypothesis as older adults showed an 421 

increase in surround suppression for both the longer and shorter stimulus presentation times 422 

compared to younger adults. Notably, in both age groups our data was consistent with the idea 423 

that surround adaptation decreases surround suppression strength with increasing stimulus 424 

duration (Patterson et al. 2013; Wissig and Kohn 2012), however there was no age-related 425 

difference in this effect. Although we did not find evidence for adaptation being a key driver of 426 

the differences in surround suppression found between the two age groups, previous studies 427 

show that ageing can affect some types of adaptation including dark adaptation (Jackson et al. 428 

1999) and blur adaptation (Elliott et al. 2007), however, most of these are processes that require 429 

significantly longer timescales. Recently, however, it has been shown that rapid contrast 430 

adaptation (adapting stimulus 1000ms) is not affected in older adults when compared with a 431 
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younger group (Lek et al. 2014). It is possible that the 100ms stimulus presentation time was still 432 

too long to reveal any differences in the timing of surround adaptation in the older group as 433 

contrast adaptation in V1 requires only tens of milliseconds (Kohn 2007), although it was clearly 434 

brief enough to change perceptual suppression strength.  We chose a presentation time of 100ms 435 

because it is a similar timescale to duration thresholds for the motion suppression task (Tadin et 436 

al. 2003), is a stimulus duration that is too brief to elicit eye movements, yet is long enough for 437 

naïve participants to confidently perform the task. Our data does not suggest that the differences 438 

in outcomes previously observed between the motion suppression (Betts et al. 2005) and 439 

contrast suppression (Karas and McKendrick 2009; Karas and McKendrick 2012) tasks in older 440 

adults result from alterations to adaptation processes.  441 

 442 

Our experiments tested planned hypotheses regarding the effects of contrast and adaptation, 443 

however, there are numerous other factors that may contribute to the previously observed 444 

differences in outcomes between centre-surround contrast suppression tasks and motion 445 

discrimination tasks in older adults (Betts et al. 2009; Betts et al. 2005; Karas and McKendrick 446 

2009; Karas and McKendrick 2011; Karas and McKendrick 2012). Two obvious experimental 447 

differences are: a) the use of static versus drifting gratings; and b) memory requirements. We 448 

have previously shown that the presence or absence of motion cues does not explain the finding 449 

as drifting stimuli still result in increased centre-surround contrast surround suppression in older 450 

adults relative to their younger counterparts (Karas and McKendrick 2012).  In terms of memory 451 

requirements, the tasks measured here used a 2IFC design that requires observers to remember 452 

the first stimulus in order to compare it with the second. The motion task however is a 2AFC 453 

task where only one stimulus is presented per judgement. Undoubtedly, memory deteriorations 454 

have been related to the ageing process (Craik 1994; Petersen et al. 1992). However, we have 455 

previously considered this issue by increasing the inter-stimulus interval (ISI) from 500 to 456 
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1000ms for the contrast task (Karas and McKendrick, 2012). Older adults showed consistent 457 

contrast suppression across this ISI range, suggesting that the first stimulus could be adequately 458 

used for comparison even when the time between first and second stimuli was prolonged (Karas 459 

and McKendrick 2012). Furthermore, the no-surround data collected herein and in previous 460 

studies (Karas and McKendrick 2009; Karas and McKendrick 2011; Karas and McKendrick 461 

2012) shows similar reliable contrast matching for both younger and older ages implying no 462 

between group difference in task difficulty. Consequently, the combination of evidence from 463 

previous works and the present study does not support a simplistic experimental design driven 464 

cause for the outcomes.  465 

 466 

5. Conclusion 467 

This study demonstrates that the contrast of the centre and the surround are important to reveal 468 

the impacts of healthy normal aging on perceptual surround suppression of contrast. Increased 469 

surround suppression for older observers is more prominent for lower centre contrasts, and 470 

persists for short duration stimuli.  Our experiments suggest that it is unlikely that surround 471 

suppression differences with advancing age are due to a weakening of rapid timescale surround 472 

adaptation. Given that most natural visual tasks involve the extraction of visual objects of 473 

interest from suprathreshold contrast backgrounds, an understanding of how aging impacts on 474 

relevant underlying suprathreshold contrast mechanisms is important to understand visual 475 

function of elders and to potentially manipulate environmental factors to improve visual 476 

performance.  477 

 478 
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