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Abstract 32 

For digit-colour synaesthetes, digits elicit vivid experiences of colour that are highly 33 

consistent for each individual. The conscious experience of synaesthesia is typically 34 

unidirectional: Digits evoke colours but not vice versa. There is an ongoing debate about 35 

whether synaesthetes have a memory advantage over non-synaesthetes. One key question in 36 

this debate is whether synaesthetes have a general superiority or whether any benefit is 37 

specific to a certain type of material. Here, we focused on immediate serial recall and asked 38 

digit-colour synaesthetes and controls to memorise digit and colour sequences. We developed 39 

a sensitive staircase method manipulating presentation duration to measure participants’ 40 

serial recall of both overlearnt and novel sequences. Our results show that synaesthetes can 41 

activate digit information to enhance serial memory for colour sequences. When colour 42 

sequences corresponded to ascending or descending digit sequences, synaesthetes encoded 43 

these sequences at a faster rate than their non-synaesthetic counterparts and faster than non-44 

structured colour sequences. However, encoding colour sequences is approximately 200 ms 45 

slower than encoding digit sequences directly, independent of group and condition, which 46 

shows that the translation process is time-consuming. These results suggest memory 47 

advantages in synaesthesia require a modified dual coding account, in which secondary 48 

(synaesthetically-linked) information is only useful if it is more memorable than the primary 49 

information to be recalled. Our study further shows that duration thresholds are a sensitive 50 

method to measure subtle differences in serial recall performance.  51 

 52 

Keywords: Immediate serial recall; synaesthesia; digits; colours; short-term memory; 53 

bidirectionality; staircase  54 

  55 
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Public Significance Statement 56 

This study shows that our ability to recall information presented rapidly in series is better 57 

when there is structure, such as ascending or descending digit sequences, than when there is 58 

no structure. It shows that in a special group of synaesthetes, for whom digits elicit consistent 59 

and involuntary experiences of colour, serial memory is not better for digits than non-60 

synaesthetic controls, but is better for colours when there is an underlying structure based on 61 

their digit-colour associations (e.g., ‘red, green, blue’ if red = 1, green = 2, and blue = 3). This 62 

suggests that additional associations need to be more memorable than the primary information 63 

to enhance memory. This study presents a new method for measuring serial memory that can 64 

detect subtle differences between groups that will be useful for both research and clinical tests 65 

of memory.   66 
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 67 

Introduction 68 

In synaesthesia, an ordinary stimulus results in an extraordinary experience 69 

(Grossenbacher & Lovelace, 2001; Ramachandran & Hubbard, 2001; Rich & Mattingley, 70 

2002). For example, a sound (the ‘inducer’) can elicit a coloured shape (Chiou, Stelter, & 71 

Rich, 2013) (the ‘concurrent’) , or letters, digits and words elicit colours. These experiences 72 

are typically highly consistent over time (Baron-Cohen, Burt, Smith-Laittan, Harrison, & 73 

Bolton, 1996) and can occur within a modality or across different modalities. Here, we focus 74 

on colours elicited by digits to examine whether synaesthesia can enhance serial recall for 75 

either inducers (digits) or concurrents (colours). 76 

Over the past three decades, there has been considerable progress in understanding the 77 

cognitive and neural mechanisms underpinning synaesthesia. The link between digits and 78 

their elicited colours is thought to depend critically on attention to the inducer (Edquist, Rich, 79 

Brinkman, & Mattingley, 2006; Mattingley, Payne, & Rich, 2006; Rich & Mattingley, 2010; 80 

Sagiv, Heer, & Robertson, 2006). Once an inducer is attended, though, synaesthetic colours 81 

occur involuntarily, such that they influence colour naming times (e.g., Chiou et al., 2013; 82 

Mattingley, Rich, Yelland, & Bradshaw, 2001; Mills, Boteler, & Oliver, 1999; Odgaard, 83 

Flowers, & Bradman, 1999; Wollen & Ruggiero, 1983).  Although the conscious synaesthetic 84 

experience is typically unidirectional (digits evoke colours but not vice versa), there is 85 

evidence that the link between the two can result in subtle bidirectional effects (Brugger, 86 

Knoch, Mohr, & Gianotti, 2004; Cohen Kadosh et al., 2005; Knoch, Gianotti, Mohr, & 87 

Brugger, 2005). For example, Cohen Kadosh et al. (2005) showed that a modified size 88 

congruency paradigm works with colours for digit-colour synaesthetes. In their task, 89 

synaesthetes were presented with two coloured digits and had to indicate which of the two had 90 

a higher numerical value. If the colours corresponded to two digits with a larger numerical 91 

distance, synaesthetes were faster than when the colours matched the numerical value and 92 
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therefore gave no additional numerical distance information. Control participants intensively 93 

studied the digit-colour associations of their synaesthetic counterpart but still did not show 94 

this effect. This suggests that colours can facilitate numerical magnitude judgment. 95 

McCarthy, Barnes, Alvarez, and Caplovitz (2013) showed that in addition to subtle 96 

influences of colours on reaction times, synaesthetes can also make deliberate use of the 97 

backward link between colours and digits. In their study, participants had to verify or reject 98 

solutions of simple mathematical problems (e.g., “2 + 3 = 5”). On some trials, synaesthetic 99 

colours that matched particular digits replaced parts of the equation. The results showed that 100 

digit-colour synaesthetes were able to calculate with colours only. However, performing this 101 

verification task with colours came at a cost: an additional 250 ms on average was necessary 102 

for each colour that had to be translated back to a digit.  103 

The high consistency of synaesthetes’ colours over time makes this group of 104 

participants particularly interesting for memory research. Each synaesthete is an expert on an 105 

individual set of inducer-concurrent pairs, and some studies suggest that this additional 106 

information leads synaesthetes to have enhanced memory in comparison to non-synaesthetes. 107 

Case-studies, in particular, show that synaesthetes can have extraordinary memories (Baron-108 

Cohen et al., 2007; Luria, 1968; Mills, Innis, Westendorf, Owsianiecki, & McDonald, 2006; 109 

Smilek, Dixon, Cudahy, & Merikle, 2002). Some group-studies also show that synaesthetes 110 

have an enhanced memory in comparison to non-synaesthetes (Gross, Neargarder, Caldwell-111 

Harris, & Cronin-Golomb, 2011; Radvansky, Gibson, & McNerney, 2011; Rothen & Meier, 112 

2009, 2010; Yaro & Ward, 2007), although generally, the advantage is not as extreme as in 113 

single cases. However, at this point, there is no clear picture as to (a) whether there is a 114 

consistent memory advantage for synaesthetes over non-synaesthetes; and (b) what the 115 

characteristics of any such memory advantage are. One possibility is that any memory 116 

advantage is specific to stimuli that evoke synaesthesia. Alternatively (or in addition), it may 117 
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be for stimuli within the domain of experiences that are elicited due to synaesthesia, or a 118 

general, overall superiority.  119 

Evidence for a memory advantage for material that is related to the inducer is mixed. 120 

Some results show enhanced memory for word lists in synaesthetes (Gross et al., 2011; 121 

Radvansky et al., 2011; Yaro & Ward, 2007) but not for digits (Gross et al., 2011; Rothen & 122 

Meier, 2009, 2010; Teichmann, Nieuwenstein, & Rich, 2015; Yaro & Ward, 2007), despite 123 

the fact that both words and digits evoke colours. Evidence for a specific memory advantage 124 

for material that is related to the concurrent comes, for example, from a study by Rothen and 125 

Meier (2010) who administered the Wechsler Memory Scale (WMS-R) to a large sample of 126 

synaesthetes (n = 44). The WMS-R is divided into three scales, the short-term, verbal, and 127 

visual memory scales. In the short-term memory scale participants have to repeat information 128 

immediately (e.g., digit span). In the verbal and visual memory scales participants are asked 129 

to recall verbal and visual information immediately and with a delay of 30 minutes (e.g., 130 

logical memory or visual reproduction).  In the short-term memory scale, synaesthetes did not 131 

show an advantage compared to controls but in the verbal and visual scales, synaesthetes 132 

performed slightly better than non-synaesthetes (within one standard deviation above the 133 

mean). Only in one of the tests (immediate visual paired associate learning) did synaesthetes 134 

perform in the extraordinary range (more than one standard deviation above the mean). This 135 

test involves making associations between colours and line drawings; in the test phase, 136 

colours for the specific line drawings have to be recalled. More evidence for a specific 137 

memory benefit in the domain of the concurrent comes from a study by Yaro and Ward 138 

(2007) who showed that synaesthetes performed better than non-synaesthetes both in 139 

recognising a colour chip with a specific hue among distractor colour chips and in recalling 140 

positions of colours within a matrix. The superior memory performance on these tasks 141 

suggests that synaesthetes have an advantage for recalling information related to the 142 

concurrent (colours). 143 
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In a recent study, we asked synaesthetes and non-synaesthetes to complete an immediate 144 

serial recall (ISR) task with colour stimuli (Teichmann et al., 2015). We found that 145 

synaesthetes did not outperform controls recalling colour sequences in general, although 146 

within the synaesthete group they were better for colour sequences which would have a 147 

meaningful structure if translated back to digits relative to sequences without such structure. 148 

We used two set durations (500 ms and 200 ms), and measured overall accuracy, which 149 

limited sensitivity for detecting differences between the groups. In the current study, we 150 

aimed for a more sensitive test by developing a new methodology for studying ISR. 151 

Specifically, we used interleaved staircases in which we manipulated presentation duration to 152 

measure each participant’s ‘serial memory duration threshold’ (SMDT). These thresholds are 153 

an indication of how fast each item in the sequence can be presented for the participant to be 154 

able to recall sequences correctly. First, to validate our method, we investigated whether 155 

sequences of digits stored in long-term memory have an effect on ISR. We tested whether 156 

synaesthetes and non-synaesthetes perform better when digit sequences contain items in a 157 

well-known order (ascending or descending) in comparison to a pseudo-randomised order. 158 

Second, to shed light on the debate regarding synaesthetes’ potential memory superiority 159 

relative to non-synaesthetes, we examined whether synaesthetes performed better than 160 

matched controls in recalling colour and digit sequences. We further examined the SMDTs to 161 

see how long the translation from colours to digits takes for synaesthetes. Our novel method 162 

showed that (a) digit sequence recall is influenced by known structure; (b) synaesthetes can 163 

use their synaesthesia to recall colour sequences and outperform controls; and (c) the 164 

synaesthete advantage is due to a relatively slow translation of colours to digits. The 165 

measurement of SMDTs represents a sensitive new approach to address questions in the 166 

broader field of ISR. 167 

 168 

Method 169 
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Participants. We tested a group of twelve digit-colour synaesthetes (all female, mean age 170 

= 29.58 years, SD = 11.39 years, all right-handed) and a group of thirteen control participants, 171 

matched for sex, age (mean age = 29.41 years, SD = 7.15 years), and handedness. One control 172 

was replaced because she was unable to do the task, leaving us with 12 matched synaesthete-173 

control pairs. All participants reported normal or corrected-to-normal visual acuity and colour 174 

vision. The synaesthetes experienced colours in response to digits but did not experience 175 

digits when looking at specific colours. For all synaesthetes, each digit evoked a non-identical 176 

hue. Synaesthetes registered their interest to participate in studies by signing up for the online 177 

synaesthesia participant pool of the Synaesthesia Research Group at Macquarie University. 178 

They completed a questionnaire and selected colours matching their experiences for the digits 179 

0-9 prior to the experiment. Synaesthetes were highly consistent in the colour they reported 180 

for each digit on two separate test occasions (mean consistency across group = 99.15%; SD= 181 

0.03%; test-retest range at least 4 months). The study was approved by the Macquarie 182 

University Human Research Ethics Committee. All participants gave informed consent prior 183 

to the experiment and were reimbursed with $15/hour for participation.  184 

Apparatus. A Dell Optiplex 9010 computer running MATLAB 7.5 with Psychtoolbox3 185 

(Brainard & Pelli, 1997) was used for stimulus presentation and response collection. Stimuli 186 

were presented on a 27 inch Samsung LCD monitor with a refresh rate of 120Hz.  187 

General procedure. Participants completed two memory tasks: the Digit Recall and the 188 

Colour Recall Task. The order of the tasks was counterbalanced across synaesthetes. All 189 

controls completed the tasks in the same order as their corresponding synaesthetes.  190 

The trials were self-paced, with a mouse click starting each trial. At the beginning of each 191 

trial, a fixation cross was displayed in the centre of the screen for 500 ms. A sequence of five 192 

colour or digit stimuli then appeared, for colour and digit blocks respectively. We used an 193 

adaptive 2-up-2-down staircase procedure to vary the presentation duration of the stimuli. In 194 

the 2-up-2-down staircase, the presentation duration decreased when sequences of two 195 
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previous trials of a particular condition were recalled with 100% accuracy and it increased 196 

when these trials yielded less than 100% accuracy. The step sizes decreased after the first, 197 

third, and fifth reversal. After the fifth reversal, the presentation duration was increased or 198 

decreased by a single refresh (8.33ms). Pilot data showed that participants were more accurate 199 

recalling sequences at slower than fast presentation durations up to a point. If items were 200 

presented >1000 ms per item, participants had difficulty recalling the sequences in the right 201 

order, presumably because too much time had elapsed over the course of the trial. We 202 

therefore used an upper limit of 1000 ms; the presentation duration for each item could not be 203 

slower than the upper limit. After each stimulus there was a 50 ms inter-stimulus-interval 204 

(constant across stimulus durations). After presentation of the five item sequence, a response 205 

screen was shown with all nine possible stimuli in an invisible 3 x 3 grid (Figure 1). 206 

Participants had to select the items they saw in the correct order. We randomised the order of 207 

the stimuli on the response screen on a trial-to-trial basis to prevent selection based on learned 208 

motor sequences. When a stimulus was selected, a light grey square framed the item to 209 

confirm that the participant had clicked it. To move on to the next trial, participants had to 210 

choose five stimuli, even if they were unsure. After the last item had been clicked, feedback 211 

on accuracy was displayed for 500 ms in the centre of the screen. When the participant 212 

recalled all five stimuli in the correct order the word “correct” was displayed, otherwise the 213 

word “incorrect” was shown (see Figure 1 for the depiction of Digit Recall (1A) and Colour 214 

Recall (1B) trials). In the following sections, we will first outline the procedure for the Digit 215 

Recall Task and then describe the Colour Recall Task. 216 
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 217 

Figure 1: Example trials for S01. Five stimuli were shown consecutively in the centre of 218 
the screen. The task was to recall the items in the correct order. The presentation 219 
duration for each item varied on a trial-to-trial basis, depending on the condition and 220 
the current staircase duration. In the top row, the synaesthetic colours for digits 1-9 for 221 
S01 are shown. In panel (A), a Structured5 trial of the Digit Recall Task is depicted. In 222 
panel (B), the identical Structured5 sequence is shown for the Colour Recall Task. 223 
Sequences of the two different tasks (i.e., Digit Recall and Colour Recall) were shown in 224 
separate blocks. Sequence conditions (i.e., Structured5, Structured4, Non-Structured5, 225 
and Non-Structured4) were intermingled within a block.   226 

A 

B 
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 227 

Digit Recall Task 228 

Stimuli. In the Digit Recall Task, black digits in 95-pt. Calibri font were used as stimuli. 229 

Viewing distance was approximately 75cm, making the size of the digits ~2.56 degrees of 230 

visual angle. Stimuli were shown on a grey background (RGB: 128, 128, 128). All digits from 231 

1 to 9 were used.  232 

Procedure and Design. Participants completed practice trials, a pre-test and a main test. 233 

Before the main test, participants looked at examples of different types of sequences, and 234 

were instructed that some sequences would be fully structured (e.g., ascending or descending 235 

digits) whereas others would have partial structure or have no apparent structure. 236 

First, each participant completed five practice trials. The digit sequences for the practice 237 

trials were randomly generated and each digit was shown for 500 ms. The data from these 238 

practice trials were not analysed. After the practice trials, all participants completed a pre-test 239 

to determine the starting duration for the main test (see Figure 2 for sample pre-test data). In 240 

the pre-test, only randomly generated digit sequences were used. We used a 2-up-2-down 241 

staircase procedure to vary the presentation duration of the stimuli. In the first two trials, 242 

stimuli were presented for 500 ms. The initial step size was set to 200 ms and was modified 243 

after the first, third, and fifth reversal to 100 ms, 50 ms, and 25 ms, respectively. A reversal 244 

was defined as a trial at which the step direction changed (e.g., when the presentation duration 245 

was increased in response to poor performance after it had been decreased before in response 246 

to correct performance). Each participant completed a maximum of 50 trials in the pre-test. If 247 

the participant reached seven reversals before getting to the 50th trial, the pre-test finished 248 

immediately. To obtain the starting duration for the main test, we averaged the stimulus 249 

presentation durations of the last five pre-test trials and added 50 ms. This way, participants 250 

could start at a duration that was close to their performance limit for unstructured sequences, 251 

which made the staircase procedure in the main test more efficient and reliable.  252 
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 253 

Figure 2: Example pre-test data from the Digit Recall Task for S08. Presentation 254 
duration is plotted across trials. Dots symbolise a correct trial and triangles an incorrect 255 
trial. A 2-up-2-down staircase was used to change the presentation duration depending 256 
on performance. Step sizes were reduced after the first (trial 6), third (trial 10), and fifth 257 
(trial 14) reversal. The pre-test for S08 finished after 20 trials because seven reversals 258 
were reached. The pre-test data was used to obtain the starting duration for the main 259 
test: The starting point was the averaged presentation duration of the last five trials plus 260 
50 ms (black rectangle).   261 

 262 

In the main test, we tested the effect of structure on serial memory. There were four 263 

sequence types that differed in degree of structure. Degree of structure was defined by the 264 

number of items in ascending or descending order within a sequence. In each condition, there 265 

were ten different sequences (see Table 1) and each sequence was shown five times on 266 

average throughout the experiment. In the fully structured (Structured5) condition, the 267 

sequences were completely ascending or descending (e.g., 4-5-6-7-8). To prevent participants 268 

from guessing in ascending or descending order, we included a condition with partially 269 

structured sequences. In the partially structured (Structured4) condition, four items of each 270 

sequence were in ascending or descending order (e.g., 1-5-6-7-8). The ordered part within 271 

each Structured4 sequence could either be positioned in the beginning or the end (e.g., 1-5-6-272 
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7-8 or 5-6-7-8-1). This condition allowed us to measure how frequently participants guessed 273 

an ascending or descending order just based on partial recall of the items.  274 

 275 

 276 

 277 

As structured sequences could only be ascending or descending, there was an unpreventable 278 

imbalance of pair frequencies. For instance, the combination of 3-4 occurred in six sequences 279 

but the combination 1-2 only occurred twice. To control for this, the non-structured sequences 280 

were constructed by randomising all nine digits (e.g., 5-8-1-6-2-9-3-7-4) and then using the 281 

identical series as the structured sequences (see Table 1). Thus, Non-Structured4 and Non-282 

Structured5 contained the same degree of imbalance in pair frequencies as the structured 283 

conditions but were based on the randomised number set. As a consequence, the pseudo-284 

randomised, “non-structured” conditions actually did have a structure - the structure in these 285 

trials was just not meaningful. Over time, participants might have learnt that some patterns 286 

Table 1: Digit sequences used in all four conditions. Lines indicate (pseudo-) structured 
elements. Structured sequences were based on ascending number line of digits 1-9. Non-
structured sequences were based on a pseudo-randomised number line. 

Structured Digit Sequences Non-Structured (Pseudo-Randomised) 
Digit Sequences 

Sequences based on: 
1 2 3 4 5 6 7 8 9 

Sequences based on: 
5 8 1 6 2 9 3 7 4 

Structured5 
Condition 

Structured4 
Condition 

Non-
Structured5 
Condition 

Non-Structured4 
Condition 

1 2 3 4 5 1 2 3 4 7 5 8 1 6 2 5 8 1 6 3 
2 3 4 5 6 9 2 3 4 5 8 1 6 2 9 4 8 1 6 2 
3 4 5 6 7 3 4 5 6 8 1 6 2 9 3 1 6 2 9 7 
4 5 6 7 8 2 4 5 6 7 6 2 9 3 7 8 6 2 9 3 
5 6 7 8 9 5 6 7 8 1 2 9 3 7 4 2 9 3 7 5 
9 8 7 6 5 9 8 7 6 4 4 7 3 9 2 4 7 3 9 6 
8 7 6 5 4 3 8 7 6 5 7 3 9 2 6 1 7 3 9 2 
7 6 5 4 3 7 6 5 4 9 3 9 2 6 1 3 9 2 6 4 
6 5 4 3 2 8 6 5 4 3 9 2 6 1 8 7 9 2 6 1 
5 4 3 2 1 7 4 3 2 1 2 6 1 8 5 3 6 1 8 5 
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occurred more often than others over the course of the experiment (e.g., red follows blue more 287 

often than red follows green). This type of long-term learning of sequences over the course of 288 

an experiment has been observed in previous ISR studies (Hurlstone, Hitch, & Baddeley, 289 

2014), and may well occur in the current experiment, but although it would improve 290 

performance in the baseline condition relatively to a truly random sequence, it should affect 291 

both synaesthetes and controls. Note that neither the Non-Structured5 nor the Non-292 

Structured4 condition contained any obvious mathematical structure.  293 

The careful matching of the conditions ensured an identical probability of digit pairs in all 294 

conditions. To further discourage guessing ‘in order’, participants were informed that some of 295 

the trials would be only partially ascending and descending and therefore that it would be 296 

important to attend to the whole sequence. Furthermore, we analyse the errors within the 297 

Structured4 condition to see how frequently participants still guessed in order. All participants 298 

were aware of the different sequence types and were presented with a sample sequence of 299 

every sequence type before they started the experiment. We displayed the response screen 300 

with all possible colours to the synaesthetes and controls and explained that these colours 301 

correspond to the digits 1-9 for the synaesthete. Thus, both synaesthetes and controls were 302 

fully informed about the potential presence of structure in the sequences, although only for the 303 

synaesthetes was this information likely to be useful. 304 

For the main task, all participants completed a further eight practice trials, two of each 305 

condition, to get used to the different types of sequences. In the practice trials, each digit was 306 

presented for each participant’s starting duration (pre-test threshold + 50 ms). In the 307 

experimental trials, four adaptive staircases were interleaved, one for each condition, to obtain 308 

the serial memory duration threshold per condition (see Figure 3 for a sample data set). All 309 

participants completed a fixed number of 20 trials per staircase to ensure they had equal 310 

exposure to the sequences of all conditions. The different types of trials were randomly 311 

intermingled so that participants could not predict whether a structured or a non-structured 312 
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trial was next. The first two trials of each staircase started with the individual starting duration 313 

of the pre-test. Then we used 2-up-2-down staircases to change the presentation duration 314 

depending on performance separately for each condition (i.e., 4 interleaved staircases), with 315 

smaller step sizes as the participant approached threshold. The initial step size was set to 100 316 

ms, which was reduced to 50, 25, and 8.33 ms after the first, third, and fifth reversal, 317 

respectively (these steps correspond to 12, 6, 3, and 1 frames of the refresh rate). We averaged 318 

the presentation durations of the last five trials of each staircase to obtain our measure of 319 

performance, which we term the Serial Memory Duration Threshold (SMDT), for each 320 

condition. These SMDTs indicate how fast the digits could be presented for each participant 321 

to recall the sequences in the correct order with 100% accuracy in half of the trials. The 2-up-322 

2-down staircase converges at 50% binary accuracy, meaning that of two sequences, one 323 

would have been recalled correctly (100%) and the other one incorrectly (any accuracy below 324 

100%). Each participant completed two blocks of experimental trials. The SMDTs were 325 

averaged across blocks.  326 
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 327 

Figure 3: Data from one block of the Digit Recall Task of S10 as an example. There were 328 
four interleaved 2-up-2-down staircases, one for each sequence condition. The trial 329 
numbers within each staircase are shown on the x-axis. Dots symbolise accurate recall 330 
whereas triangles symbolise incorrect recall of the sequence. The starting duration for 331 
each participant was determined based on the pre-test performance. Step sizes were 332 
decreased after the 1st, 3rd and 5th reversal.  The Serial Memory Duration Thresholds 333 
(SMDTs) were calculated by averaging the presentation durations of the last five trials 334 
in each staircase. The black rectangle frames the trials that were used to calculate the 335 
SMDTs.  336 

 337 

It is possible that participants may realise that the presentation duration is varied for each 338 

sequence type separately. If this was the case, they could guess according to their prediction 339 

and the structured trials would get faster than the non-structured trials. Such a bias would 340 

match our hypothesis that the SMDTs for fully structured sequences would be shorter than for 341 

non-structured sequences. To avoid this, we added 20 catch trials per block that were trials of 342 

each condition presented at the current staircase duration of another condition. For instance, a 343 

Structured5 catch trial would be a fully sequential trial shown at the current staircase duration 344 

of Non-Structured5. Half of the catch trials were structured trials, randomly selected from the 345 
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Structured4 and Structured5 lists and shown at the duration of the Non-Structured4 and Non-346 

Structured5 conditions, respectively. The other half were non-structured trials, randomly 347 

selected from the Non-Structured4 and Non-Structured5 lists, presented at the duration of the 348 

Structured4 and Structured5 condition, respectively. The catch trials were inserted at random 349 

positions after the 10th trial of each block. These trials were not part of any staircase, and 350 

therefore did not influence the presentation durations of a specific condition. However, they 351 

minimised the risk that participants predicted the condition even if they realised that some 352 

trials were faster than others.  353 

 354 
Colour Recall Task 355 

Stimuli. In the Colour Recall Task, five coloured squares (5cm x 5cm) were displayed in 356 

the centre of the screen. Viewing distance was approximately 75cm, making the size of the 357 

squares ~3.82 degrees of visual angle. The colours corresponded to each synaesthete’s colours 358 

associated with the digits 1-9.  359 

Procedure and Design. The procedure and design of the colour block was almost identical 360 

to the digit block, with a few exceptions. First, before the pre-test, we showed the participants 361 

the response screen with all possible colours so that they had an opportunity to label the 362 

colours and get used to differences between colours (some synaesthetes had more difficult 363 

colour sets with multiple digits having similar colours, e.g., three different greens). Second, 364 

because pilot testing showed the Colour Recall Task to be harder than the Digit Recall Task, 365 

we set the starting duration in the practice trials to 800 ms instead of 500 ms and participants 366 

completed 15 instead of five practice trials. Third, in the main test, the four conditions 367 

(Structured5, Structured4, Non-Structured5, Non-Structured4), were constructed in the same 368 

way as in the digit block, but this time we used the colours corresponding to digits for each 369 

synaesthete and the matched control (see Figure 1B for an example). 370 

 371 
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Results 372 

The Serial Memory Duration Threshold (SMDT) was defined as the average presentation 373 

duration of the last five trials of each staircase condition. We calculated the SMDTs for each 374 

participant and condition separately.  The staircases successfully converged at approximately 375 

50% accuracy in all conditions in both groups (range: 42-61%). That means that on average, 376 

participants recalled two to three sequences out of five with 100% accuracy when they 377 

reached the end of the staircase. Thus, the SMDT is an estimate of the duration at which a 378 

participant can recall approximately half of the sequences with 100% accuracy.  379 

In the Non-Structured4 condition of the Digit Recall Task, one participant (S12) had a 380 

SMDT that was more than three standard deviations above the group mean. Therefore, we 381 

excluded this data point as an outlier from the analysis. We collapsed across the two non-382 

structured conditions (Non-Structured4 and Non-Structured5) to form a single baseline 383 

condition for each participant, separately for the Digit and Colour Recall Tasks. 384 

To examine the effects of synaesthesia and structure on SMDTs for colour and digit 385 

sequences, we conducted a repeated-measures ANOVA with Task (Digit Recall and Colour 386 

Recall) and Structure (Baseline, Structured4, and Structured5) as within-subject factors and 387 

Group (synaesthetes and controls) as a between-subjects factor. There was no significant main 388 

effect of Group (F[1, 22] = 2.2 p = 0.152) but significant main effects of Task (F[1, 22] = 389 

81.32, p < 0.001,  𝜂!! = 0.79) and Structure (F[1.47, 32.34] = 26.83, p < 0.001,   𝜂!! = 0.49; 390 

Greenhouse-Geisser correction applied for violation of sphericity). There were no two-way 391 

interactions between Task and Group (F[1, 22] = 2.08, p = 0.163) or Task and Structure 392 

(F[1.46, 32.07] = 1.58, p = 0.223), but there was a significant interaction between Structure 393 

and Group (F[1.47, 32.34] = 7.31, p = 0.005,  𝜂!! = 0.25). Most importantly, there was a 394 

significant three-way interaction between Structure, Task, and Group (F[1.46, 32.07] = 9.73, 395 

p = 0.001, 𝜂!! = 0.31), which shows that the influence of structure differed between the 396 

synaesthetes and controls, but this influence differed between the tasks.  397 



19 
 

To identify the source of the interaction, we first tested for differences between the groups 398 

by breaking the interaction down by Task and comparing the groups at each level of structure. 399 

For the Digit Recall Task, synaesthetes did not differ from controls (Figure 4A) at any level 400 

(Baseline, Structured4, or Structured5; all ps > 0.809). For the Colour Recall Task (Figure 401 

4B), synaesthetes and controls did not differ in the Baseline or Structured4 condition, but 402 

synaesthetes performed significantly better than controls in the Structured5 condition (p = 403 

0.014). These results show that when colour sequences have an implicit structure in the 404 

associated digits, synaesthetes have superior recall for colour sequences relative to controls.  405 
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 406 

Figure 4: Serial Memory Duration Thresholds (SMDTs) in milliseconds for both groups. 407 
The SMDTs are the averaged presentation durations of the last five trials for each 408 
staircase. They represent the level at which ~50% of the sequences were recalled with 409 
100% accuracy. 4A shows the results of Digit Recall Task and 4B of the Colour Recall 410 
Task. The Baseline condition corresponds to the mean performance of the two non-411 
structured conditions. Error bars reflect 95% confidence intervals.  412 

 413 

To identify whether performance was significantly better in structured than in less 414 

structured trials, we then broke the interaction down by Group. For both synaesthetes and 415 
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controls separately, in the Digit Recall Task, all three conditions differed, with SMDTs for 416 

Structured5 < Structured 4 < Baseline (all ps < 0.001). In contrast, in the Colour Recall Task, 417 

controls showed no difference in SMDT between the three conditions (all ps > 0.39). 418 

However, synaesthetes showed the same pattern as for the digits: SMDTs for Structured5< 419 

Structured4 < Baseline (all ps < 0.008). These results demonstrate that both groups benefited 420 

from structure in the Digit Recall Task but only synaesthetes were able to use the structure in 421 

the Colour Recall Task to boost their memory.  422 

To confirm the pattern clear in Figure 4, we tested whether there was a difference between 423 

the Digit and the Colour Recall Tasks by breaking the interaction down by Structure. The 424 

results showed that there was a significant difference between the Digit Recall Task and the 425 

Colour Recall Task for both groups. In the Baseline, Structured4, and Structured5 conditions, 426 

controls had longer SMDTs in the Colour Recall Task than in the Digit Recall Task (all ps < 427 

0.001). Synaesthetes showed the same effect (p < 0.001, p < 0.001, and p = 0.001, 428 

respectively). This suggests that both groups required more time to encode colour in 429 

comparison to digit sequences across all structure conditions. 430 

Finally, we examined whether the enhanced performance for fully structured sequences 431 

could be due to guessing. If we look at the partially structured (Structured4) sequences, we 432 

can determine how many times participants falsely completed a Structured4 sequence with a 433 

fully sequential order (e.g., if the sequence was “4-5-6-7-2” and the participant reported “4-5-434 

6-7-8”). We calculated the percentage of this type of false alarm out of all Structured4 trials, 435 

to test whether this type of guessing strategy could drive our effect. In the Digit Recall Task, 436 

synaesthetes reported 2.08% (SD = 0.21%) and controls 4.37% (SD = 0.32%) of Structured4 437 

trials in completely ascending or descending order, falsely completing the partially structured 438 

sequence as completely structured. In the Colour Recall Task, synaesthetes had 3.3% (SD = 439 

0.3%) and controls 0.21% (SD < 0.001%) of false alarms. This false alarm analysis 440 

demonstrates that, on average, a maximum of 1.75 out of 40 Structured4 sequences were 441 
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reported erroneously in ascending or descending order. Thus, the benefit in the Structured5 442 

condition is unlikely to be driven purely by a guessing strategy. In the Colour Recall Task, 443 

only synaesthetes erroneously reported occasional colour sequences in ascending or 444 

descending order, which is not surprising as controls do not have the colour-digit associations. 445 

However, synaesthetes reported, on average, less than one colour sequence falsely in 446 

ascending or descending order, which makes it unlikely that the effect is driven by guessing. 447 

Importantly, the catch trials in our design also discouraged such a strategy. 448 

Together, these results show that both groups clearly benefit from structure in the Digit 449 

Recall Task. In the Colour Recall Task, synaesthetes and controls do not differ in baseline 450 

performance, suggesting that there is no overall benefit to colour memory. However, 451 

synaesthetes have an advantage over controls when recalling fully structured sequences, 452 

demonstrating that digit-colour synaesthetes can use their synaesthesia to boost colour 453 

memory. For synaesthetes, the SMDTs for recalling fully structured colour sequences are 454 

slower than for recalling fully structured digit sequences.   455 

 456 

Discussion 457 

In this study, we used a novel method to examine whether synaesthetes can use their 458 

associations between colours and digits to enhance serial recall for specific colour sequences, 459 

measured by Serial Memory Duration Thresholds (SMDT). Our results show that both 460 

synaesthetes and non-synaesthetes can correctly recall structured sequences of digits 461 

(ascending or descending in order) when presented at a faster rate than novel, non-structured 462 

(pseudo-randomised) sequences. Synaesthetes showed a similar benefit for structured colour 463 

sequences (corresponding to ascending and descending digit sequences) over non-structured 464 

colour sequences (corresponding to pseudo-random digit sequences). Non-synaesthetes did 465 

not show any performance difference in structured and non-structured colour sequences. 466 
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Hence, our results demonstrate that digit-colour synaesthetes can use the link between colours 467 

and digits to boost memory for specific colour sequences.  468 

Usually, the differences in performance in ISR tasks are measured in terms of recall 469 

accuracy. Here, we obtained our data with a method new to the field of serial recall, a 470 

staircase procedure varying presentation duration depending on performance. Previous use of 471 

staircases in ISR studies has been through varying sequence length to adjust task difficulty. 472 

Although this method is suitable to examine, for example, differences between multiple types 473 

of stimuli (e.g., Li, Schweickert, & Gandour, 2000), it is not very sensitive to subtle 474 

differences. This type of staircase can only add whole items to the sequence and can measure 475 

whether, for example, 6 or 7 items can be recalled accurately. Here, we showed that detecting 476 

subtle differences in serial recall performance is possible by using a staircase procedure that 477 

manipulates presentation duration, which allows us to measure serial memory duration 478 

thresholds (SMDT).  479 

We used our sensitive measure to explore the memory abilities of synaesthetes who 480 

have long-term associations between digits and colours. The data show that synaesthetes do 481 

not have a general memory benefit relative to non-synaesthetes in immediate recall. There is 482 

no difference in performance for digit sequences, with both groups showing improvement 483 

with structured over pseudo-random sequences, or for unstructured colour sequences. 484 

Synaesthetes do, however, perform better in recalling colours when the sequence of colours 485 

reflected an underlying digit structure. Other studies have shown that synaesthetes are better 486 

relative to controls when recalling material within the same domain as that evoked by their 487 

synaesthesia such as colours. For example, Yaro and Ward (2007) showed that synaesthetes 488 

have an advantage over non-synaesthetes when recalling colour matrices after a delay (and 489 

not on immediate recall). In another study, Rothen and Meier (2010) found that synaesthetes 490 

performed better than non-synaesthetes when recalling line-colour associations. In contrast to 491 

Yaro and Ward’s (2007) findings, in this second study, the advantage for the synaesthetes was 492 
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more pronounced immediately after the learning phase in comparison to delayed recall.  Here, 493 

we find a very specific advantage for colours with an underlying structure that depends on the 494 

synaesthetic link to digits. 495 

The specific advantage for colours that are associated with a structured sequence of 496 

digits might arise from synaesthetes having a benefit at recall, after the whole sequence has 497 

been presented, or during the encoding period, or both. The classic serial position effect is that 498 

the first and the last item of a sequence is usually recalled with a higher accuracy, whereas the 499 

items in the middle of the sequence are often recalled in the wrong order (Ebbinghaus, 1913). 500 

Here, synaesthetes may recall the first and last colours and then reconstruct the order of the 501 

items in the middle based on their long-term associations with the structured sequences. This 502 

would imply that our effect is due to a deliberate use of synaesthetic associations to boost 503 

recall accuracies of colour sequences. Alternatively, or in addition, synaesthetes might 504 

deliberately translate the colours back into digits to get the benefit of the underlying structure. 505 

All participants were aware that the sequences would have different degrees of structure, but 506 

only synaesthetes could translate colours to digits at the encoding stage to boost memory. This 507 

interpretation is in line with results from McCarthy et al. (2013) who showed that 508 

synaesthetes could translate colours to digits and solve arithmetic tasks with colours only. In 509 

this previous study, synaesthetes needed 250 ms per colour to translate them back to digits, 510 

which is consistent with our longer SMDTs for structured coloured sequences over digits. 511 

We cannot rule out the possibility that the translation of colours to digits is due to a 512 

relatively slow but still automatic process. There certainly is good evidence from synaesthetic 513 

congruency paradigms that digits evoke colours involuntarily (e.g., Mattingley et al., 2001). 514 

There is also evidence that mismatching colour information can affect digit processing (e.g., 515 

Brugger et al., 2004; Cohen Kadosh et al., 2005), suggesting that there is implicit involuntary 516 

activation of digit information by the colours they usually evoke. Thus, the structure 517 

advantage for synaesthetes recalling colours could be because implicit activation of digit 518 
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identity when looking at colours leads to a prediction of which item comes next in the 519 

sequence. Such predictive encoding methods (for a recent review see Clark, 2013) could 520 

account for our structure effect: Synaesthetes’ expectations would be more accurate for the 521 

fully structured in comparison to the partially structured and non-structured conditions. Non-522 

synaesthetes do not benefit from the structure in the Colour Recall Task because they do not 523 

have these colour sequences stored in long-term memory and hence cannot successfully 524 

predict which item comes next in the sequence. Although this is possible, it seems less likely 525 

in light of the relatively long SMDTs for colours relative to digits, which fit with previous 526 

strategic translation effects (McCarthy et al. (2013).  527 

Two different theoretical frameworks could explain the advantage in colour encoding 528 

that leads to memory benefits observed for synaesthetes in comparison to non-synaesthetes. 529 

One suggestion is that synaesthetes’ advantage in colour memory is due to higher sensitivity 530 

for visual information than non-synaesthetes (Pritchard, Rothen, Coolbear, & Ward, 2013; 531 

Rothen, Meier, & Ward, 2012; Terhune, Wudarczyk, Kochuparampil, & Kadosh, 2013). 532 

Previous studies have claimed that synaesthesia is associated with neuroanatomical 533 

differences in the ventral visual stream which may lead to enhanced visual processing (e.g., 534 

Jäncke, Beeli, Eulig, & Hänggi, 2009; Rouw & Scholte, 2007). As the ability to encode rapid 535 

sequences in the correct order depends on the rate at which the items can be identified and 536 

encoded into memory (Wyble, Bowman, & Nieuwenstein, 2009), in principle, any difference 537 

in visual sensitivity could improve memory for serial order. However, the enhanced visual 538 

processing account predicts that synaesthetes would be better at recalling all digit and colour 539 

sequences relative to non-synaesthetes, whereas our data show that the benefit is specific to 540 

the structured colour sequences. Thus, these data do not support the proposal that synaesthetes 541 

have generally enhanced visual processing relative to controls.  542 

An alternative theory explaining memory benefits for synaesthetes is the dual-coding 543 

account of memory (based on Paivio, 1991), which suggests that synaesthetes could benefit 544 
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from the additional information attached to items they have to remember (Rothen et al., 545 

2012). However, a dual coding explanation predicts that synaesthetes should have an 546 

advantage when memorising digit sequences because of the additional colour cue. Consistent 547 

with earlier results (e.g., Rothen & Meier, 2010), we do not find any advantage for 548 

synaesthetes over controls when recalling digit sequences in general. Thus, the dual coding 549 

account does not fully explain the current findings either.  550 

We propose that a modified version of the dual coding account is a more plausible 551 

explanation for the current data. Synaesthetes were only able to use the link between colours 552 

and digits to boost their serial recall of a colour sequences when the secondary information 553 

(i.e., digits in the Colour Recall Task) was more useful for task performance than the primary 554 

information (i.e., colours in the Colour Recall Task). Thus, we need a modified dual coding 555 

account that holds that synaesthetes will have a benefit over non-synaesthetes only in 556 

situations where the synaesthetically-linked information is more memorable than the 557 

presented stimuli.  558 

Digits seem not to be available immediately when colours are presented as there was a 559 

difference in synaesthetes’ SMDTs for structured sequences of digits (mean SMDT: 28 ms) 560 

and sequences of colours structured only by the underlying digit sequences (mean SMDT: 221 561 

ms). This could be due to general differences between inducers and concurrents: Whereas a 562 

digit elicits one specific colour, that same colour could potentially be associated with more 563 

than one stimulus. For example, yellow might not only be associated with “2” but also with 564 

“Tuesday” or specific objects such as bananas. Although within the context of the experiment 565 

it was clear that each colour in the sequence represented a digit, the potential one-to-many 566 

relationship of colour-to-inducer could slow the translation of colours to digits. Thus, the 567 

difference between the Colour Recall and Digit Recall task for synaesthetes potentially 568 

reflects the process of interpreting the colours in terms of digits and translating them back. 569 



27 
 

Then, when the translated digit secondary information is more useful or memorable than the 570 

primary colour information, we see a benefit for synaesthetes over controls.  571 

In sum, the current findings show that synaesthetes do not have an overall enhanced 572 

immediate memory for sequences of either digits or colours but they can use their 573 

synaesthesia to translate colours to digits to improve serial memory for colours. This 574 

translation process is quite slow: in comparison to encoding digit sequences directly, 575 

synaesthetes needed additional time to translate colours to digits when encoding colour 576 

sequences. We propose a modified dual coding account of memory advantage in synaesthesia 577 

such that synaesthesia will only enhance memory when the synaesthetically-linked 578 

information is more memorable than the primary information. Our study further shows that 579 

duration thresholds are a sensitive method to measure subtle differences in serial recall 580 

performance.  581 
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