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ABSTRACT 25 

 26 

The human prefrontal cortex (PFC) has been associated more with meta-perceptual as 27 

opposed to meta-memory decisions from correlational neuroimaging investigations. Recently, 28 

metacognitive abilities have also been shown to be causally dependent upon anterior and 29 

dorsal PFC in non-human primate lesion studies. Two studies, utilizing post-decision 30 

wagering paradigms and reversible inactivation, challenged this meta-perceptual versus 31 

meta-memory notion and showed that dorsal and anterior prefrontal areas are associated with 32 

metamemory for experienced objects and awareness of ignorance respectively. Causal 33 

investigations are important but scarce; nothing is known, for example, about the causal 34 

contributions of prefrontal sub-regions to spatial metamemory. Here, we investigated the 35 

effects of dorsal versus ventral PFC lesions on two-alternative forced choice spatial 36 

discrimination tasks in male macaque monkeys. Importantly, we were rigorous in approach 37 

and applied three independent but complementary indices used to quantify individual animals’ 38 

metacognitive ability (“type II sensitivity”) by two variants of meta-d'/d′ and Phi coefficient 39 

(Φ). Our results were consistent across indices: while neither lesions to superior dorsolateral 40 

PFC (sdlPFC) nor orbitofrontal cortex (OFC) impaired spatial recognition performance, only 41 

monkeys with sdlPFC lesions were impaired in meta-accuracy. Together with the observation 42 

that the same OFC lesioned monkeys were impaired in updating rule-value in a Wisconsin 43 

Card Sorting Test analog, we therefore document a functional double-dissociation between 44 

these two PFC regions. Our study presents important causal evidence that other dimensions, 45 

namely domain-specific processing (e.g., spatial versus non-spatial metamemory), also need 46 

considerations in understanding the functional specialization in the neural underpinnings of 47 

introspection.   48 

  49 



Significance Statement  50 

This study demonstrates macaque monkeys’ meta-cognitive capability of introspecting its own 51 

memory success is causally dependent on intact superior dorsolateral prefrontal cortices (PFC) 52 

but not the orbitofrontal cortices. Combining neurosurgical techniques on monkeys and 53 

state-of-the-art measures of metacognition, we affirm a critical role of the PFC in supporting 54 

spatial meta-recognition memory and delineate functional specificity within PFC for distinct 55 

elements of metacognition.   56 



INTRODUCTION 57 

Metacognition refers to awareness of one’s own cognition (e.g., knowledge of one’s 58 

accuracy, knowing what one knows, or indeed knowing when one does not know). Human 59 

neuroimaging has generally associated prefrontal cortex (PFC) more with meta-judgements 60 

based on perceptual as opposed to memory decisions (Fleming et al., 2012; Morales et al., 61 

2018), backed up by structural neuroimaging measures (Fleming et al., 2010), and 62 

neuropsychology (Rounis et al., 2010; Shekhar and Rahnev, 2018). Nonetheless, two recent 63 

studies showed that neural activations in dorsal PFC and anterior PFC in the macaque brain are 64 

associated with metamemory of experienced object recognition (Miyamoto et al., 2017) and 65 

awareness of ignorance of experience of objects respectively (Miyamoto et al., 2018), 66 

implying a more complex functional architecture. Indeed, pharmacological intervention 67 

delineated three subareas supporting metamemory, one for temporally remote items in dorsal 68 

area 9 (or 9/46d), a more posterior one for more recent items in area 6, and a third for awareness 69 

of ignorance in the most anterior part of PFC, namely area 10 (frontopolar cortex).  70 

Recent human neuroimaging associates frontopolar cortex with metacognitive control 71 

processes whereas other metacognitive processes underlying decision-making per se are 72 

associated with dissociable neural systems more posteriorly within PFC (Qiu et al., 2018). The 73 

orbitofrontal cortex (OFC) is one such hub associated with value-based decision-making 74 

(Buckley et al., 2009; Noonan et al., 2010; Baltz et al., 2018), inferring the consequences of 75 

potential behavior (Schuck et al., 2016), and decision confidence (Kepecs et al., 2008), such 76 

that lesions to the OFC might affect decision confidence without affecting first-order task 77 

performance (Lak et al., 2014). Since confidence estimation is a fundamental component of 78 

decision-making, and the OFC has been implicated in goal directed decisions that require the 79 

evaluation of predicted outcomes (Rudebeck and Murray, 2014), OFC might be causally 80 

required to support the computation of some dissociable elements of metacognition (Kepecs et 81 

al., 2008; Lak et al., 2014). Moreover, connections differ, for example, posterior parietal areas 82 

of the brain involved in egocentric spatial processing have more robust connections with dorsal 83 



PFC whereas temporal lobe areas implicated in object-identity processing have more robust 84 

connection with ventral PFC (Yeterian et al., 2012). In light of the above and findings that 85 

second-order metacognitive processes could be separated from confidence per se (Dotan et al., 86 

2018), we investigated the causal roles of one dorsal (sdlPFC) and one ventral (OFC) subregion 87 

of PFC in spatial recognition memory and hypothesized that the sdlPFC but not OFC will be 88 

causally required for accurate spatial memory introspection. Specifically, we contrasted the 89 

first-order memory and second-order metamemory performances of macaques with superior 90 

dorsolateral PFC (sdlPFC) lesion (i.e., lateral area 9) (n=3), or with OFC-lesioned monkeys 91 

(n=3), to unoperated controls (n=7) (FIG. 1) in two delayed-matching-to-position spatial 92 

recognition tasks (FIG. 2). On the basis of a wide-ranging PFC lesions study literature review 93 

in macaque monkeys, we expect that neither lesion would impair first-order spatial 94 

recognition per se, for example, OFC lesions do not impair spatial delayed response (Meunier 95 

et al., 1997), and unlike lesions in the region of the principal sulcus, lesions more dorsal to 96 

area 9 and 8B do not impair spatial delayed response (Goldman et al., 1971; Levy and 97 

Goldman-Rakic, 1999). 98 

Cognizant of confidence reporting not being available in our task-design, we employed 99 

response time as a proxy (Dotan et al., 2018) for confidence but as this is a rough proxy we 100 

accordingly adopted a rigorous analytical approach and applied three quite different but 101 

complementary indices used to quantify individual animals’ metacognitive ability (“type II 102 

sensitivity”) by two variants of meta-d'/d′ and Phi coefficient (Φ). We found that sdlPFC but 103 

not OFC lesioned monkeys were impaired in meta-accuracy in a high spatial memory demand 104 

task variant without showing any impairments in spatial recognition performance itself. We 105 

further established that these putative metacognitive deficits were specific to spatial 106 

recognition memory rather than to other confounds such as rule-learning, reward evaluation, or 107 

general representation of task information using analyses of existing data from the same 108 

sdlPFC-lesioned monkeys when previously tested on a Wisconsin Card Sorting Test analog 109 

(Buckley et al., 2009). 110 



 111 

MATERIALS AND METHODS 112 

Animals. 13 adult male macaque monkeys provided data to the main experiment (eight 113 

Macaca mulatta, three Macaca fuscata, and two Macaca fascicularis): Three monkeys had 114 

orbitofrontal lesion (OFC, consisting of two M. mulatta and one M. fuscata), another 3 115 

monkeys had superior dorsolateral prefrontal cortex lesion (sdlPFC, consisting of one M. 116 

mulatta and two M. fuscata), 7 served as unoperated controls (CON, consisting of five M. 117 

mulatta and two M. fascicularis) for the main tasks. Data from 3 further CON (all M. fuscata) 118 

were included only for the WCST analog analysis. In a total of 16 animals, ten macaque 119 

monkeys were trained, operated and tested in Oxford, UK, and six in RIKEN Brain Science 120 

Institute, Wako, Japan. All animal training, surgery and experimental procedures were the 121 

same in both laboratories. Those conducted in the UK were licensed in compliance with the UK 122 

Animals (Scientific Procedures) Act 1986, and those in Japan were done in accordance with the 123 

guidelines of the Japanese Physiological Society and approved by RIKEN’s Animal 124 

Experiment Committee. 125 

Surgery. The operations were performed in sterile conditions (under gaseous general 126 

anesthesia, and with pre-, peri-, and post-operative analgesia) with the aid of an operating 127 

microscope and the same surgeon performed all operations in both laboratories. Detailed 128 

description of the surgical procedures has been reported previously (Buckley et al., 2009). The 129 

intended extent of the sdlPFC lesion was designed to include the cortex on the dorsolateral 130 

aspect of the PFC extending up to midline (i.e., lateral area 9 and the dorsal portions of areas 46 131 

and 9/46) but excluding ventrally situated dlPFC cortex; the lesion excluded posteriorly located 132 

premotor areas 8A, 8Bd, and 8Bv, nor did it extend anteriorly into area 10. The intended extent 133 

of the OFC lesion included at its lateral extent, the cortex in the medial bank of the lateral 134 

orbital sulcus; the lesion included all of the cortex between the medial and lateral orbital sulci, 135 

and also extended medially until the lateral bank of the rostral sulcus. The anterior extent of the 136 

lesion was an imaginary line drawn between the anterior tips of the lateral and medial orbital 137 



sulci, and the posterior extent was an imaginary line drawn just anterior to the posterior tips of 138 

these two sulci. The intended lesion therefore included areas 11, 13 and 14 of the orbital surface 139 

and did not extend posteriorly into the agranular insula.  140 

Experimental Design and Statistical Analysis. Metamemory quantification: Three different 141 

but complimentary indices were used to quantify individual animals’ metacognitive ability 142 

(“type II sensitivity”), as defined as the ability to accurately link confidence with performance. 143 

Here, we calculated the meta-d'/d′, a metric for estimating the metacognitive efficiency (level 144 

of metacognition given a particular level of performance or signal processing capacity), which 145 

enables a model-based approach to the computation of type II sensitivity that is independent of 146 

response bias and type I sensitivity (d') on the primary task (Rounis et al., 2010). We also 147 

computed metacognitive efficiency using a hierarchical Bayesian estimation method, which 148 

can avoid edge-correction confounds and enhance statistical power (Fleming and Daw, 2017). 149 

Both meta-d' and d′ measures assume that the variance of the internal response takes a 150 

Gaussian distribution, and that the distributions associated with the two type 1 responses 151 

respectively are of equal variance. To ensure our results were not due to any idiosyncratic 152 

violation of the assumptions of signal detection theory (SDT), we additionally calculated the 153 

Phi coefficient (Φ), which does not make these parametric assumptions (Fleming and Lau, 154 

2014), and supplemented the statistical analyses using nonparametric tests (Kruskal-Wallis). 155 

The correlations among the three meta-cognitive metrics are very high (FIG. 8). 156 

Signal detection theoretic and hierarchical Bayesian estimation meta-index (meta-d'/d′): Using 157 

a Type II SDT toolbox (Maniscalco and Lau, 2012), which has been extensively used for 158 

evaluation of metacognitive ability (Baird et al., 2013; Fleming et al., 2014), it is possible to 159 

compute a measure of metacognitive accuracy that is unconfounded by type I performance 160 

directly from the empirical type II receiver operating characteristic (ROC) curve. The type II 161 

ROC curve reflects the relationship between the accuracy of type I and the observer’s 162 

confidence rating. This approach exploits the link between type I and type II SDT models to 163 

express observed type II sensitivity at the level of the type I SDT model (termed meta-d′). 164 



Maximum likelihood estimation is used to determine the parameter values of the type I SDT 165 

model that provide the best fit to the observed type II data. A measure of metacognitive ability 166 

that controls for differences in type I sensitivity is then calculated by taking the ratio of meta-d′ 167 

and the type I sensitivity parameter d′: meta efficiency, computed as meta-d'/d′. The most 168 

straightforward approach to computing meta efficiency involves an equal variance SDT model 169 

in which the variances of internal distributions of evidence for “target” and “foil” in the type I 170 

model are assumed to be equal. We thus quantified metacognitive sensitivity with the 171 

SDT-based measure meta-d′. Based on type II signal detection theory, meta-efficiency (in 172 

terms of meta-d'/d′) reflects how much information, in signal-to-noise units, provides a 173 

response-bias free measure of how well confidence ratings track task accuracy. Of note, the 174 

standard type II SDT toolbox is designed for 2AFC tasks, in which S1 and S2 are always 175 

constant in the left or right, but our target and foil are randomly presented at the screen and we 176 

only recorded the separation of the two probes and did not track the specific position of the 177 

target and the foil. Since the target and the foil were presented randomly on the screen, and the 178 

SDT algorithm only requires the distribution of those four kinds of trials, we divided the 179 

number of those trials equally to S1 trials and S2 trials in a random manner considering the 180 

animals would not have any preference to any given side/location of the screen. In addition, we 181 

have also replicated the analyses using a variant of metacognitive efficiency (H-meta-d′) with a 182 

hierarchical Bayesian estimation method, which can avoid edge-correction confounds and 183 

enhance statistical power (Fleming and Daw, 2017).  184 

Phi coefficient (Φ): In order to ensure our results were not due to any idiosyncratic violation of 185 

the parametric assumptions of SDT, we additionally calculated the phi coefficient index, which 186 

does not make the SDT assumptions. The phi coefficient is a contingency index of preference 187 

for optimal choice (Kornell et al., 2007; Middlebrooks and Sommer, 2011) and was calculated 188 

according to the following formula using the number of trials classified in each case [n(case)]:  189 

 190 



 

.  191 

The Φ coefficient evaluates how optimally each trial was assigned for high or low confidence 192 

based on performance in the preceding cognitive judgment, reflecting the correlation between 193 

the two binary variables. Note that despite differences in their mathematical assumptions, the 194 

three meta-cognitive metrics are highly correlated with each other. 195 

For the computation for SDT meta-d'/d′, hierarchical-model meta-d'/d′, and Phi coefficient, 196 

four types of trials and their distribution are required. The computation performed here are 197 

based on the premise that confidence is computed in a retrospective manner (Pleskac and 198 

Busemeyer, 2010). Using a summary of the decision process, trials that are responded fast are 199 

judged as more of higher certainty (Kiani et al., 2014). Following this logic, we accordingly 200 

used trial-specific reaction times (RT) as a proxy for confidence (Dotan et al., 2018). We 201 

collapsed all trials per monkey and classified the trials within-monkeys by the median of all RT 202 

crossing with correct/incorrect responses into four kinds: correct/high confidence (fast RT), 203 

incorrect/low confidence (slow RT), correct/low confidence (slow RT), incorrect/high 204 

confidence (fast RT). For each of the final analyses, each monkey had one single value for the 205 

measurement of meta-ability. Admittedly, measures of association such as Phi coefficients are 206 

prone to metacognitive bias. In contrast, theoretically, measures based on signal detection 207 

theory such as meta-d’ which was employed here are bias-free. By using standard SDT, type 208 

2 d′ is argued to be independent from metacognitive bias (Fleming and Lau, 2014) Therefore, 209 

our SDT model meta-d′ should help alleviate this issue. It should be noted that all the statistical 210 

analyses on meta-cognition were performed within-subjects and thus the numerally (but not 211 

statistically significant) faster RT for the sdlPFC monkeys would not affect our main findings 212 

based on confidence for trial classification.  213 

Pre-analysis. For the formal analyses of the main experiments, trials with RT longer than 20 s 214 

and shorter than 100 ms in the memory judgement were discarded (< 0.5% of all trials). We 215 



also set a stringent selection of good trials on which the monkeys were attentive is crucial for 216 

the metacognition analysis. To this end, we set a requirement for the monkeys to touch the 217 

distractor before the memory task so as to ensure they were not distracted and/or less 218 

willing/ready prior to initiating the memory judgement. Trials with touch-distractor times 219 

longer than 1000 ms (15.0% and 20.2% trials discarded respectively for temporal-variant task 220 

and spatial-variant task) were not included for analysis. There were no differences in 221 

touch-distractor times between the groups in either of the tasks following this trial removal 222 

procedure, with a one-way ANOVA on temporal-variant: F (2, 10) = 1.27, P = 0.322; and on 223 

spatial-variant: F (2, 9) = 0.800, P = 0.479. The results did not differ if we chose to use other 224 

touch-distractor times cut-off criteria of either 800 ms, 900 ms, 1100 ms, or 1200 ms. 225 

Behavioral tasks. Spatial recognition tasks (delayed-matching-to-position, or DMP). A 226 

temporally-demanding DMP task and a spatially-demanding DMP task were performed by the 227 

monkeys. In both variants, each trial consisted of an encoding phase in which a spatial position 228 

(“sample”) was indicated by a red cross. After the monkey touched the sample, a blue square 229 

(“distractor”) appeared in the center of an imaginary (i.e., invisible) circle whose circumference 230 

transected the centre of the red cross. A touch to the blue square initiated a variable delay 231 

interval (i.e., the manipulation of delay for the temporal-variant) and then a choice phase 232 

consisting of two identical red crosses in different positions, both located on the circumference 233 

of the aforementioned imaginary circle (hence equidistant from the blue square distractor just 234 

touched), albeit one positioned in the same (i.e., spatial-match) position as the first red cross 235 

and the other (i.e., non-match) positioned some angle (with respect to the centre of the 236 

imaginary circle) away from the spatial-match along the invisible circumference. From trial to 237 

trial we could vary the angle of separation along the circumference to allow for easy trials (i.e., 238 

large angle and accordingly large spatial separation) and harder trials (i.e., smaller angles and 239 

accordingly smaller spatial separation) (cf. the manipulation of separation between two probes 240 

for the spatial-variant). As mentioned above, one of the crosses appeared in the same position 241 

as the sample (target; S+) and the other one in a different position (foil; S-). A touch to the S+ 242 

resulted in a delivery of a banana flavored pellet as reward (see section on Apparatus below), 243 



removed the S-, and the S+ remained alone for a further 1 s for positive feedback. The screen 244 

would then be blanked for an ITI of 6 s before the next trial. A touch to the S- removed both S+ 245 

and S- from the screen and the screen would be blanked for an ITI of 12 s. There was no time 246 

constraint imposed on responses made to the choices and therefore there were no missed trials. 247 

No repetition correction routines were implemented following an error response; each trial was 248 

new and independent of the outcome of the preceding trial. In terms of sizes of visual stimuli, 249 

the sample subtended a visual angle of 9 ̊ in task acquisition and the temporal-variant task, or 250 

6.8 ̊ in the spatial-variant task; the distractor subtended a visual angle of 4.6 ̊ in all tasks.  251 

In the temporal-variant DMP, there were five trial-types with differing delay intervals (either 1, 252 

2, 4, 8, or 16 s) between the distractor and probes. Trials within a session were divided into five 253 

trial-types with differing intervals of delay between the distractor and probes. The trial-type 254 

order was randomized within each successive set of five trials (with one trial of each trial-type 255 

per set) so that the delay changed unpredictably from one trial to another. The two probe 256 

choices were separated by a visual angle of 21.7 ̊. In the spatial-variant DMP, the separation 257 

between two red crosses varied across trials; there were four different trial-types with differing 258 

spatial separations (visual angles of either 4.8°, 8.6°, 15.2°, or 21.7°; equivalent to 5, 9, 16, or 259 

23 cm on screen) between probe choices. Delays were fixed at 1 s for the spatial-variant DMP. 260 

In the final testing, each animal accrued 200 rewards to complete the temporal-variant (across 261 

two daily sessions) and 150 rewards (one session) to complete the spatial-variant. Since the 262 

animals accrued varying numbers of errors to complete the tasks, the mean total numbers of 263 

trials were 271.2 and 209.8 trials (averaged across groups) respectively for the two tasks. The 264 

analysis on metamemory was done by collapsing all trials across sessions and thus the learning 265 

trend of these data was not considered. One CON did not complete the spatial-variant so only 266 

12 monkeys were analyzed in the spatial-variant task.  267 

Wisconsin Card Sorting Test (WCST) analog. Given that the DMP tasks involve multiple 268 

processes which might confound our main results, we therefore analyzed extant data obtained 269 

from a WCST analog, which is a validated rule-guided task taxing multi-processes such as 270 



perception (involved in matching stimuli), memory and acquisition of abstract rules, and 271 

reward-value evaluation (Buckley et al., 2009; Mansouri et al., 2015). We accordingly used 272 

some WCST data to rule out that the putative meta-deficits observed here were not attributable 273 

to these perceptual and reward-value evaluation processes. The WCST analog paradigm is 274 

summarized as follows: on each trial, a randomly selected sample (a square, a circle, or a cross 275 

of different colors) is displayed alone on the center of the touch screen, and when the sample is 276 

touched, three additional choice items immediately appear (one matching in color, one 277 

matching in shape, and one not matching in either dimension), with their positions randomly 278 

chosen. If the animal’s choice is correct (i.e., the animal selects the choice item that matches 279 

according to the currently reinforced rule, which changes unannounced every time the animal 280 

attains 85% in 20 consecutive trials), then a reward pellet is delivered, and the correct choice 281 

remains on the screen for 1 s to provide visual feedback; if the animal makes an incorrect choice, 282 

then no reward is given, and the stimuli are removed and replaced by an error signal (white 283 

circle), which is presented on the screen for 1 s instead.  284 

We analyzed WCST data from 12 monkey data points (9 CON vs. 3 sdlPFC). Six out of the 9 285 

CON monkey data points here were from the pre-lesion data of the six lesioned monkeys (3 286 

sdlPFC and 3 OFC). We included 3,000 trials (acquired from ten 300-trial daily sessions) per 287 

monkey data point. We collapsed all trials and classified the trials into four types of trials for 288 

the computation for the meta-efficiency and Phi coefficient. Since the type II SDT toolbox was 289 

designed for 2AFC tasks, and the WCST task contained three stimuli, we ran three separate sets 290 

of computation, each one discarding only either the bottom, left, or right choice, for each of the 291 

three meta-indices. For each monkey, we then computed the mean of these three values as his 292 

meta-score to enter into the meta indices calculation. In this analysis, we did not include the 293 

OFC monkeys because the OFC monkeys were severely impaired in the WCST type I task, thus 294 

making any analyses on meta-ability invalid (their chance level implies they did not know how 295 

to make correct judgments, violating the prerequisite for the meta-assessment of their 296 

judgement). It is possible that the estimated metacognitive indices of each individual animal 297 

vary across tasks. However, since the most important contrast was on comparing between 298 



Groups within the same tasks, we have ensured the numbers of trials included in each 299 

experiment to be comparable. 300 

Preliminary training. All monkeys completed preliminary training and task acquisition before 301 

performing the two main tasks and WCST described above. We conducted the spatial-variant 302 

task immediately after the temporal-variant task without any additional training. The monkeys 303 

performed one session per day, 6–7 d per week. For the lesioned animals, the task was 304 

administered post-operatively (on average 22 months post-lesion). For the two DMP tasks, 305 

during task acquisition the monkeys were trained until they reached ≥ 90% performance level 306 

within a 100-reward session. All trials in this stage consisted of a short delay interval (1 s), and 307 

a wide separation between choice positions (21.7°, or 23 cm) to make the trials “easy” to 308 

acquire. Upon reaching criterion, the three groups were not different in the number of errors 309 

accrued, F < 1 and number of rewards received, F < 1, indicating that the groups of lesioned 310 

monkeys learned to perform these spatial recognition problems as well as controls. 311 

Apparatus. The tasks were performed in an automated test apparatus. The subject sat, 312 

unrestrained, in a wheeled transport cage fixed in position in front of a touch-sensitive screen 313 

on which the stimuli could be displayed. The animals could reach out between the horizontal or 314 

vertical bars (spaced approx. 45 mm apart) at the front of the transport cage to touch the screen. 315 

An automated pellet delivery system delivered banana flavored pellets (190 mg supplied by 316 

Noyes Company Inc. and Neuroscience Inc.) into a food well (approx. 80 mm in diameter) 317 

positioned beneath and to one side of the screen, in response to correct choices made by the 318 

subject to the touch screen. Pellet delivery was accompanied by an audible click. A 319 

spring-loaded lunchbox (length 200 mm, width 100 mm, height 100 mm) was positioned 320 

beneath and to one side of the subject; this opened immediately with a loud crack on 321 

completion of the testing session and contained the subject’s daily diet of wet monkey chow, 322 

primate pellets, nuts, raisins, and a slice of apple, banana, and orange (water was provided in 323 

the home cage ad libitum). An infrared camera allowed the subject to be observed while it was 324 

engaged in the task. The entire apparatus was housed in an experimental cubicle that was dark 325 



apart from the background illumination from the touch screen. A computer, with a 326 

millisecond accuracy timer-card to record reaction times, controlled the experiment and data 327 

acquisition. Identical software controlled the tasks in both laboratories to ensure that the tasks 328 

were replicated exactly.  329 

Histology and analysis on fibre tract damage. After the conclusion of the experiments the 330 

animals with ablations were sedated, deeply anesthetized, and then perfused through the heart 331 

with saline solution (0.9%), which was followed by formol saline solution (10% formalin in 0.9% 332 

saline solution). The brains were blocked in the coronal stereotaxic plane posterior to the lunate 333 

sulcus, removed from the skull, allowed to sink in sucrose formalin solution (30% sucrose,10% 334 

formalin), and sectioned coronally at 50μm on a freezing 10 microtomes. Every 10th section 335 

through the temporal lobe was stained with cresyl violet and mounted. When referring to 336 

cytoarchitecturally defined regions in the lesion description below we have adopted the 337 

nomenclature and conventions of Petrides and Pandya (Petrides and Pandya, 1999) and have 338 

reconstructed lesion extents on standard drawings based upon those provided by the Laboratory 339 

of Neuropsychology at NIMH. All three of the sdlPFC lesions were as intended. None of the 340 

OFC lesioned animals sustained any bilateral damage outside the area of the intended region; 341 

two animals sustained extremely slight unilateral damage beyond the intended lateral boundary 342 

of the lesion OFC2 and OFC3; in all three animals the lesions did not extend as far medially as 343 

intended.  344 

The lesion method in this study was careful aspiration so it is important to consider, given 345 

recent observations of different effects of aspiration versus neurotoxic lesion (Izquierdo et al., 346 

2004; Rudebeck et al., 2013), the possibility that white matter fibres may have been damaged 347 

by the sdlPFC lesion (either inadvertent damage to fibre bundles in underlying white matter 348 

proximal to the lesion, or damage to local ‘fibres-of-passage’) and we need to consider 349 

whether such damage may have contributed to the behavioural deficit seen after sdlPFC 350 

lesions. We will first comment briefly on the extent to which different white matter fibres in 351 



the frontal lobes may have been compromised by the sdlPFC aspiration lesion, and then 352 

follow-up with a summary conclusion: 353 

Cingulum bundle (CB): fibres of CB do not course in the white matter proximal (i.e. just 354 

below) the grey matter removed in our aspirative lesion of sdlPFC, except for at the most 355 

anterior extent of the lesion (e.g., see Fig. 1 of Thiebaut de Schotten et al. (2012) and Fig. 356 

10.1 of Schmahmann and Pandya (2006)). These fibres are unlikely to have been significantly 357 

damaged by the sdlPFC lesion as the expert surgical approach we adopt with aspiration 358 

lesions, with the help of a high magnification binocular operating microscope, is to stop 359 

immediately upon the underlying white matter starting to become visible as the grey matter is 360 

gradually thinned/removed; so while we cannot rule out that some underlying fibres proximal 361 

to the sdlPFC grey matter may have been inadvertently damaged, we expect any such damage 362 

to be both slight and also asymmetrical across hemispheres (lessening its likely causal impact 363 

upon behavior). White matter fibres of the CB also extend into the grey-matter per se but only 364 

at the most anterior extent of the area of the sdlPFC lesion (e.g., see Fig. 1 of Thiebaut de 365 

Schotten et al. (2012) and Schmahmann and Pandya (2006)); these fibres will certainly have 366 

been removed with the sdlPFC grey matter aspiration, and so will have primarily affected CB 367 

connections to sdlPFC itself (which was lesioned in any case) and any that extend to frontal 368 

polar cortex (FPC) anterior to our sdlPFC lesion.      369 

Superior Longitudinal Fasciculus (SLF)s: of the three branches of the SLF, the most dorsal 370 

branch runs in the white matter proximal (i.e. just below) the grey matter removed in our 371 

aspirative lesion of sdlPFC albeit only at the most posterior extent of this lesion. The same is 372 

true for the SLF branch coursing more ventral to that aforementioned branch (e.g., see Fig. 2 373 

of Thiebaut de Schotten et al. (2012) and Schmahmann and Pandya (2006)). For the same 374 

reasons as above there is unlikely to be significant or symmetrical damage to SLF. White 375 

matter fibres of these two SLF branches also extend into the grey-matter per se albeit only at 376 

the most posterior extent of the area of the sdlPFC lesion (e.g., see Fig. 2 of Thiebaut de 377 

Schotten et al. (2012) and Schmahmann and Pandya (2006)). These fibres will likely have 378 



been removed with the grey matter but primarily affect connections to sdlPFC itself (which 379 

was lesioned in any case) as these fibres do not extent more anteriorly into FPC.  380 

Arcuate Fasciculus (AF): few fibres of AF run in the white matter proximal (i.e. just below) 381 

the grey matter removed in our sdlPFC lesion (e.g., see Fig. 3 of Thiebaut de Schotten et al. 382 

(2012) and Schmahmann and Pandya (2006)). As explained above, however, there is unlikely 383 

to be significant symmetrical inadvertent damage to AF. A small proportion of AF fibres 384 

extend into the grey-matter per se within the area of the sdlPFC lesion (e.g., see Fig. 3 of 385 

Thiebaut de Schotten et al. (2012) and Schmahmann and Pandya (2006)); these fibres will 386 

likely have been removed with the grey matter, and so will have primarily affected 387 

connections to sdlPFC itself (which was lesioned in any case) as these fibres do not extent 388 

more anteriorly into FPC. 389 

Extreme Capsule (EC): many fibres from branches of the EC run in the white matter proximal 390 

(i.e. just below) the grey matter removed in our sdlPFC lesion (e.g., see Fig. 4 of Thiebaut de 391 

Schotten et al. (2012) and Schmahmann and Pandya (2006)). Again, there is unlikely to be 392 

significant or symmetrical inadvertent damage to EC. Some EC fibres extend into the 393 

grey-matter per se within the area of the sdlPFC lesion (e.g., see Fig. 4 of Thiebaut de 394 

Schotten et al. (2012) and Schmahmann and Pandya (2006)); these fibres will have been 395 

removed along with the sdlPFC grey matter, but as the majority of those fibres do not extent 396 

more anteriorly into FPC anterior to our lesion this will have primarily affected connections 397 

to sdlPFC itself. Some EC fibres that do connect to more anterior FPC run in a different and 398 

more ventrally situated branch of the EC that would not have been transected by our cortical 399 

aspirative lesion. 400 

Uncinate Fasciculus (UF): this white matter tract connects FPC (anterior to our sdlPFC 401 

lesions) to temporal lobe cortical regions but as UF fibres do not course through the sdlPFC 402 

nor in its underlying region the UF could not have been affected by the sdlPFC aspiration 403 

lesion. 404 



Frontal Aslant Tract (FAT): the FAT connects dorsal to ventral frontal areas, but as the FAT 405 

courses just posterior to the posterior extent of our sdlPFC lesion it would not have been 406 

affected by our sdlPFC lesion. 407 

Orbito-Polar Tract (OPT): the OPT connects OFC to FPC, but as the OPT courses below the 408 

cortex just anterior to the anterior extent of our sdlPFC lesion it would not have been affected 409 

by our sdlPFC lesion. 410 

In conclusion, while it cannot be ruled out that the aspiration lesions of sdlPFC caused some 411 

inadvertent damage to underlying white matter tracts, analyses of the topography of frontal 412 

lobe fibres above lead us to expect that any such inadvertent damage would be minimal; 413 

indeed, photomicrographs of stained coronal sections through the regions of our sdlPFC 414 

aspirative lesions indicate little white matter damage (Figure 1). In addition to considering 415 

white matter fibre tracts proximal to the grey matter, one has to consider fibres-of-passage 416 

within the grey matter. Although no major fibre bundles course in the grey matter per se 417 

through the region of the intended sdlPFC lesion (Thiebaut de Schotten et al. (2012); 418 

Schmahmann and Pandya (2006)) some local fibres exist in the grey matter at certain 419 

locations as reviewed above and these will have been damaged; most of these connect to 420 

sdlPFC and only a minority innervate FPC which is anteriorly adjacent to the sdlPFC and the 421 

majority of connections to FPC would remain intact. This in no way minimizes the impact of 422 

the present finings as this study now opens up that possibility in the future, and indeed, some 423 

researchers have commenced studies of the behavioral effects of FPC lesions which have not 424 

existed in the literature until very recently (Boschin et al., 2015; Mansouri et al., 2015, 2017), 425 

albeit not yet in the context of metamemory behavior across memory domains so this would 426 

be a key area of future research interest. 427 

  428 



RESULTS 429 

Meta-deficits in sdlPFC-lesioned group in spatial recognition 430 

Consistently with the two meta-indices, we revealed a significant main effect of “Group” 431 

in the spatial-variant task with a one-way ANOVA on SDT meta-d'/d′: F (2, 9) = 5.464, P = 432 

0.028, 2= 0.548, and given our specific predictions for an impairment in the sdlPFC group we 433 

ran post-hoc tests for the comparisons: CON vs. sdlPFC, Dunnet P = 0.034, CON vs. OFC, P = 434 

0.968 one-tailed; and on hierarchical-model meta-d'/d′: F (2, 9) = 6.524, P = 0.018, 2= 0.594, 435 

post hoc test: CON vs. sdlPFC, Dunnet P = 0.020, CON vs. OFC, P = 0.964 one-tailed.  436 

Given the relatively small sample size, we additionally ran non-parametric tests and 437 

revealed the same pattern for both SDT meta-d'/d′, Kruskal-Wallis test across monkeys in 438 

three groups; 2(2) = 5.154, P = 0.076, Dunn’s post hoc test: CON vs. sdlPFC, P = 0.075, 439 

CON vs. OFC, P = 0.1193 one-tailed; for hierarchical-model meta-d'/d′, Kruskal-Wallis test 440 

across monkeys; 2(2) = 6.436, P = 0.040, Dunn’s post hoc test: CON vs. sdlPFC, P = 0.036, 441 

CON vs. OFC, P = 0.1478 one-tailed. The sdlPFC monkeys were impaired in meta-accuracy in 442 

spatially demanding recognition, whereas the OFC group did not show any meta-deficit in 443 

either of the tasks. In contrast, in the temporal-variant task, we found no main effect of Group in 444 

meta-accuracy, meta-d'/d′: F (2, 10) = 0.773, P = 0.487, 2= 0.134, Kruskal-Wallis test across 445 

monkeys; 2(2) = 0.195, P = 0.907; hierarchical-model meta-d'/d′: F (2, 10) = 0.500, P = 0.621, 446 

2= 0.141, Kruskal-Wallis test across monkeys; 2(2) = 1.92, P = 0.902.  447 

To further validate these results, we replicated these findings with the Phi coefficient (Φ) 448 

in both tasks, that is in the spatial-variant, Group effect: F (2, 9) = 4.904, P = 0.036, 2= 0.521, 449 

post hoc test: CON vs. sdlPFC, Dunnet P = 0.026, CON vs. OFC, P = 0.904 one-tailed, and in 450 

the temporal-variant, Group effect: F (2, 10) = 0.822, P = 0.467, 2= 0.091. The non-parametric 451 

tests confirm the same pattern for the spatial-variant, Kruskal-Wallis test across monkeys in 452 



three groups; 2(2) = 6.064, P = 0.048; Dunn’s post hoc test: CON vs. sdlPFC, P = 0.029, 453 

CON vs. OFC, P = 0.198 one-tailed, but not the temporal-variant, Kruskal-Wallis test across 454 

monkeys; 2(2) = 1.513, P = 0.469. These results using three indices convergently revealed 455 

severe impairment in metamemory of recognition in the sdlPFC lesioned monkeys (but not in 456 

OFC group), confirming that metacognitive ability was impaired in the spatially-demanding 457 

spatial recognition task, but not the temporally-demanding task (FIG. 3A-C).  458 

These meta-indices in principle refer to how meaningful a subject’s confidence is in 459 

distinguishing between correct and incorrect responses. We plotted the distributions of RTs in 460 

histograms for the correct vs. incorrect trials separately for individual animals (FIG. 4). By 461 

indicating the position of median RT within these histograms, we show sdlPFC monkey could 462 

not distinguish between correct trials and incorrect trials as well as the unimpaired monkeys in 463 

the spatial variant experiment, that is, sdlPFC monkeys have more overlapping area between 464 

correct trial RT and incorrect trial RT than CON and OFC monkeys.  465 

We then also ran two mixed-design repeated-measures ANOVAs on percentage correct 466 

with “Group” as a between-subject variable and “Confidence” as a within-subjects variable for 467 

the two tasks separately and obtained a significant interaction with the spatial-variant task F (2, 468 

9) = 5.416, P = 0.029, but not with the temporal-variant task F (2, 10) = 0.355, P = 0.710. 469 

Percentage correct in high-confidence trials is usually higher than low-confidence trials, P < 470 

0.01 for both CON and OFC monkeys in both tasks, but such effects were disrupted in the 471 

sdlPFC monkeys in the spatial-variant task P = 0.696, indicating the sdlPFC monkeys were 472 

unable to keep track of the efficacy of confidence during memory judgement (FIG. 3D-E). 473 

Correspondingly, one-way ANOVAs having “Group” as a between-subjects variable on 474 

meta-d' (a sensitivity measure quantifying the ability to discriminate between correct and 475 

incorrect judgments) for the two tasks separately also revealed that a significant main effect of 476 

“Group” in the spatial-variant task on SDT meta-d′: F (2, 9) = 5.701, P = 0.025, 2= 0.559, post 477 

hoc test: CON vs. sdlPFC, Dunnet P = 0.015, CON vs. OFC, P = 0.867 one-tailed, but not in the 478 



temporal-variant F (2, 10) = 0.558, P = 0.589, 2= 0.100. Given the relatively small sample 479 

per group, we additionally ran the statistics using nonparametric tests. These again revealed a 480 

significant group effect in the spatial-variant, Kruskal-Wallis test across all monkeys; 2(2) = 481 

5.154, P = 0.025, Dunn’s post hoc test: CON vs. sdlPFC, P = 0.025, CON vs. OFC, P = 0.257 482 

one-tailed, but not in the temporal-variant, 2(2) = 1.438, P = 0.487. In order to ascertain that 483 

these lesion effects were task-specific (Task: spatial-variant/temporal-variant), we ran three 484 

separate mixed-design repeated-measures ANOVAs considering only the CON and sdlPFC 485 

groups with “Group” as a between-subjects variable and “Task” as a within-subjects variable 486 

and confirmed a marginally significant “Task × Group” interaction on SDT meta-d'/d′: F (1, 7) 487 

= 4.194, P = 0.080 and on hierarchical-model meta-d'/d′: F (1, 7) = 4.599, P = 0.069, as well as 488 

a slightly weaker effect on Phi coefficient (Φ): F (1, 7) = 1.939, P = 0.206.  489 

In order to address the potential confounds that the memory decision confidence 490 

estimated by RTs would be biased by condition difficulty, we calculated the meta index for 491 

each condition for each subject using each animal’s median RT as the cutoff. The results using 492 

this within-condition classification replicated our main results. We replicated the significant 493 

main effect of “Group” in the spatial-variant task with on Phi coefficient (Φ), F (2, 9) = 8.847, 494 

P = 0.008, 2= 0.663, post hoc test: CON vs. sdlPFC, Dunnet P = 0.011, CON vs. OFC, P = 495 

0.133 one-tailed. The results on SDT meta-d'/d′ showed a trend towards significance: F (2, 9) = 496 

3.161, P = 0.091, 2 = 0.413, post hoc test: CON vs. sdlPFC, Dunnet P = 0.152, CON vs. OFC, 497 

P = 0.625 one-tailed, and on hierarchical-model meta-d'/d′: F (2, 9) = 2.477, P = 0.139, 2 = 498 

0.355. Additionally, we also ran non-parametric tests and revealed the same pattern for both 499 

SDT meta-d'/d′, Kruskal-Wallis test across the monkeys; 2(2) = 6.385, P = 0.027, Dunn’s post 500 

hoc test: CON vs. sdlPFC, P = 0.021, CON vs. OFC, P = 0.163 one-tailed, and Phi coefficient 501 

(Φ), Kruskal-Wallis test across monkeys; 2(2) = 7.6154, P = 0.022, Dunn’s post hoc test: CON 502 

vs. sdlPFC, P = 0.025, CON vs. OFC, P = 0.120 one-tailed and on hierarchical-model 503 

meta-d'/d′: 2(2) = 2.477, P = 0.093, Dunn’s post hoc test: CON vs. sdlPFC, P = 0.066, CON vs. 504 

OFC, P = 0.163 one-tailed. Given the relatively low trial numbers per condition the meta index 505 



shall be more accurate considering all trials within whole sessions. We therefore propose that 506 

the analyses based on within-condition RT classification shall be considered as additional tests 507 

for confirmatory purpose. 508 

Meta-ability observed in unimpaired animals  509 

It is paramount to establish that the unimpaired monkeys were performing the tasks with 510 

certain metacognitive ability (above chance). Considering the relatively small sample sizes 511 

(e.g., n = 3), student’s t-tests testing the meta-scores against zero might not be the most 512 

statistically valid approach. We accordingly performed a series of subject-based distribution 513 

simulation, which entail shuffling randomly all the pairings between “responses” 514 

(correct/incorrect) and their corresponding “confidence level” (high/low) within each subject. 515 

This procedure was then repeated 1000 times, thereby generating 1000 new (random) pairings 516 

for each animal. Based on these new pairings, we then computed simulated meta-scores per 517 

animal for each of the three metrics (1000 values for each meta-metric) assuming they had not 518 

used their meta-ability to perform the tasks. These values are essentially centered on a mean of 519 

zero for each virtual animal, indicating their negligible meta-ability. But importantly, we can 520 

now test these with the animals’ actual meta-scores using a minimum statistic method (Nichols 521 

et al., 2005). The results show that the animals performed significantly above chance in all 522 

tasks in which no impairment was found, all Ps < 0.005 (Table 1).  523 

sdlPFC and OFC lesions did not result in recognition impairment 524 

Given that metacognition is quantified by the correspondence between confidence and 525 

type I task performance, it is theoretically important to establish that the task (first-order) 526 

performances were matched between the groups in order to argue for the presence of a true 527 

difference in metacognition caused by the sdlPFC lesion. Despite the deficits in metamemory 528 

accuracy in the sdlPFC group, importantly, we established that there were not any memory 529 

deficits in their type I performance. In two mixed-design repeated-measures ANOVAs we 530 

entered the percentage correct or RT with one between-subjects factor “Group” and one 531 

within-subjects factor “Condition” and found neither a main effect nor interaction effects with 532 



“Group” in the two tasks, temporal-variant: % correct: F (2, 10) = 0.284, P = 0.759, RT: F (2, 533 

10) = 0.932, P = 0.425, no “Group × Condition” interaction all Ps > 0.05; spatial-variant: % 534 

correct: F (2, 9) = 3.868 P = 0.061, RT: F (2, 9) = 0.794, P = 0.481, no “Group × Condition” 535 

interactions all Ps > 0.05. Even if we compared only the sdlPFC with the CON group in RTs, 536 

the sdlPFC group was not significantly faster in responding (spatial: F (1, 7) = 1.20, P = 537 

0.309; temporal: F (1, 7) = 2.005, P = 0.194). The ANOVAs also showed that performance 538 

decreased with Delay, % correct: F (4, 40) = 26.964, P < 0.001, RT: F (4, 40) = 9.918, P < 539 

0.001, and with Separation, % correct: F (3, 27) = 33.960, P < 0.001, RT: F (3, 27) = 0.121 P = 540 

0.105 for all three groups (FIG. 5). These analyses point to the fact that neither sdlPFC nor OFC 541 

lesion resulted in any type 1 recognition memory impairment. 542 

Meta-deficits could not be explained away by speed-accuracy trade off 543 

 Here we have utilized reaction time as a proxy for memory decision confidence (Dotan et 544 

al., 2018). The meta-deficit effects observed here might be confounded by some 545 

speed-and-accuracy trade-off strategy adopted by the monkeys towards maximizing the 546 

time-spent per unit of reward (correct) ratio. Speed-and-accuracy trade-off taps into the 547 

monitoring of the current state of mind with regard to the uncertainty properties of the 548 

judgement (Bogacz et al., 2010), whereas RT-indexed metacognition – defined as an 549 

introspective evaluation process – taps into the higher-level function. We thus analyzed the 550 

ratio between percentage correct and RT for each monkey for both tasks. In two mixed-design 551 

repeated-measures ANOVAs we entered the inverse efficiency (RT / % correct) with one 552 

between-subjects factor “Group” and one within-subjects factor “Condition”. We found neither 553 

a main effect nor interaction effects with “Group” in the two tasks, all Ps > 0.05 (FIG. 6). We 554 

conclude that the putative lesion-related meta-deficits were not resultant from any 555 

speed-and-accuracy trade off. 556 

No meta-memory deficit following sdlPFC lesion in short-term abstract rule memory in 557 

Wisconsin Card Sorting Test (WCST) 558 



While the sdlPFC monkeys were impaired in metamemory for spatial recognition, we have 559 

not been able to ascribe the effects specifically to spatial recognition per se. Is this deficit 560 

uniquely ascribable to the metamemory in temporo-spatial recognition, or more generally to the 561 

metamemory of learning abstract rules, or other higher cognitive processes? Considering 562 

performance supporting WCST demands multi-processes such as memory and acquisition of 563 

abstract rules, as well as reward-value evaluation, we thus analyzed some extant data obtained 564 

from WCST to test for metacognitive deficits specifically in the sdlPFC monkeys. In contrast to 565 

the spatial recognition task, no meta-deficits were found with WCST in the sdlPFC group in 566 

comparison with the CON group in one-way ANOVAs on SDT meta-d'/d′: F (1, 10) = 0.677, P 567 

= 0.430, 2= 0.063, Kruskal-Wallis test across monkeys; 2(2) = 0.419, P = 0.518; 568 

hierarchical-model meta-d'/d′: F (1, 10) = 0.018, P = 0.896, 2= 0.002, Kruskal-Wallis test 569 

across monkeys; 2(2) = 0.077, P = 0.782; and Phi coefficient (Φ): F (1, 10) = 1.132, P = 570 

0.312, 2= 0.102, Kruskal-Wallis test across monkeys; 2(2) = 0.009, P = 0.926 (FIG. 7). 571 

These analyses confirm that meta-deficits caused by sdlPFC lesion were highly specific for 572 

spatial recognition and ruled out the explanation that such meta-deficits were attributable to 573 

processes involved in the maintenance of abstract rules or general representation of knowledge.  574 

 575 

DISCUSSION 576 

As expected, neither sdlPFC nor OFC aspirative lesions impaired first-order spatial 577 

recognition memory performance; yet importantly, and consistent with our hypotheses, sdlPFC 578 

lesions selectively impaired second-order meta-recognition within a recognition memory 579 

paradigm taxing recent spatial memory. No such change in metacognitive ability was observed 580 

after OFC lesions both affirming a critical functional role of the sdlPFC in supporting spatial 581 

metamemory and showing evidence for functional specificity within prefrontal cortex (PFC) 582 

for elements of metacognition. Our findings are robust because we assessed multiple measures 583 

of metamemory (both SDT and hierarchical model meta-d'/d′ and Phi coefficient (Φ)) and 584 



found consistent significance across measures. Our findings are important because they provide 585 

causal evidence, of which there is currently very little, towards refining our understanding of 586 

functional specialization within primate PFC underpinning introspection during memory 587 

recognition. 588 

Critical role of sdlPFC in meta-recognition memory 589 

Whilst the role of dlPFC in meta-evaluation of visual perception has been relatively well 590 

established, by evidence observed in functional activation during post-decision evaluation 591 

(Ochsner et al., 2005; Wan et al., 2016), structural and connectivity profiles (Fleming et al., 592 

2010; Fleming and Dolan, 2012), and neuromodulation studies (Meiron and Lavidor, 2014), 593 

the neural basis of meta-recognition memory within this region remains largely unknown. 594 

Previously, combined lesions to mid-dlPFC lesion (areas 46 and 9/46) and superior part of the 595 

mid-dlPFC (lateral area 9) were found not to affect standard first-order recognition memory 596 

maintenance for recently presented objects (in contrast to lesions to ventrolateral PFC and OFC 597 

which do impair first-order object recognition (Bachevalier and Mishkin, 1986; Kowalska et al., 598 

1991)). The mid dlPFC lesions did however severely impaired executive processes of 599 

monitoring visual working memory information in a self-ordered version of the task (Petrides, 600 

2000); moreover, more restricted lesions within lateral area 9 (similar to our sdlPFC lesions) 601 

were sufficient to impair the self-ordered task. Together with findings that patients with more 602 

diffuse frontal lobe pathology exhibit impaired feeling-of-knowing in the absence of amnesia 603 

(Janowsky et al., 1989), our pattern of results corroborate the extant evidence that a dissociation 604 

between type 1 vs. type 2 performance in recognition is associated with dlPFC damage. This 605 

dissociation also aligns with the recent distinction stipulating the dlPFC’s putative role in 606 

metacognitive control as opposed to decision-making per se (Qiu et al., 2018).  607 

Importantly, and in light of recent evidence from the macaque showing that there exist 608 

dissociated networks within PFC underlying metacognition (Miyamoto et al., 2017)(Miyamoto 609 

et al, 2018), our results significantly extend the causal evidence for understanding the 610 

functional neuroanatomy of metacognition in PFC in several key ways. Firstly, we extend 611 



causal evidence for metacognition into the spatial domain. Secondly, we dissociate the 612 

functional neuroanatomy of first-order spatial recognition memory from second-order spatial 613 

meta-recognition within PFC. Circumscribed muscimol injections to different localities within 614 

mid-dlPFC area impair visually-guided saccades in a visuospatial working memory task in a 615 

topographical manner (Sawaguchi and Iba, 2001); further evidence that this dlPFC region but 616 

not the more superior dlPFC region impairs first-order spatial recognition comes from previous 617 

surgical lesions in monkeys (Levy and Goldman-Rakic, 1999). Our sdlPFC lesion fails to 618 

encroach much on this first-order region and accordingly do not impair first-order spatial 619 

recognition; at the same time our sdlPFC lesions impair meta-recognition in the same task, 620 

therefore demonstrating functional dissociation between first-order and second-order spatial 621 

recognition within PFC. Taken together with Miyamoto et al. (2017; 2018), our study confirms 622 

that sdlPFC neither contributes exclusively to object nor spatial meta-recognition, rather it 623 

contributes to both. Interestingly we found dissociation between meta-recognition deficits after 624 

sdlPFC lesions in a spatially demanding but not temporally demanding version of our task. The 625 

main difference between these two versions is that in the former the spatial difficulty is 626 

intentionally varied between trials; given it is a spatial recognition task we postulate efficacious 627 

metacognitive monitoring of performance will therefore be in flux and continually challenged 628 

necessitating a dynamic signal from sdlPFC input into the wider neural system in support of 629 

metacognitive computation. By contrast, in the temporal-variant the spatial difficulty is 630 

constant across trials so any metacognitive evaluation signal from sdlPFC would likely be a 631 

less important parameter to the system and either absent or less liable to be disrupted by the 632 

sdlPFC lesion accordingly, in accordance with our behavioural observations. 633 

OFC represents value/confidence but does not supports self-introspection  634 

At first glance, OFC is an interpreter of specific values especially in terms of sorting and 635 

representation of inferred information (Wallis, 2007; Jones et al., 2012); could it be the 636 

cornerstone of meta-appraisal towards one’s own memory performance? Despite proposals that 637 

the OFC is a key part of continuous decision-making under uncertainty (Kennerley et al., 2011), 638 



related to the explicit manifestation of decision confidence (Kepecs et al., 2008; Lak et al., 2014) 639 

and various aspects of decision-making (Izquierdo, 2017), its role in metacognition in the 640 

present experimental context appears to be none as evident in the total absence of 641 

meta-impairment in the OFC group. One likely possibility is that value-assignment 642 

(Padoa-Schioppa and Assad, 2006), valuation of inferred information (Jones et al., 2012), and 643 

decision-confidence (Lak et al., 2014) per se are fundamentally distinct/dissociable from 644 

metamemory introspection. Indeed, meta-decision processes – as measured by the SDT and 645 

hierarchical-model meta-d′ here – are in principle “bias-free” and are immune to any bias due to 646 

“confidence” (Fleming and Lau, 2014), suggesting that the computation performed by the OFC 647 

underlying confidence signals (Kepecs et al., 2008; Lak et al., 2014) does not necessarily 648 

equate to the same neurobiological prerequisite for meta-cognitive computation. Relatedly, in 649 

our tasks there was no explicit requirement for reporting confidence, in which case the memory 650 

response need not be bound with any explicit valuation processes (Rolls and Grabenhorst, 2008) 651 

or reward-based updating (Buckley et al., 2009). The introspection following memory decision 652 

was thus based entirely on some self-generated space, without any feedback or input exerted 653 

externally on their decision confidence or monitoring of degree of uncertainty (Kennerley et al., 654 

2011). This task feature discrepancy might explain the lack of meta-awareness deficits even 655 

when the OFC was absent.  656 

An alternative but not mutually exclusive explanation, given that frontal vs. parietal cortex 657 

neural correlates of metacognition are somewhat domain-specific (McCurdy et al., 2013), is 658 

that OFC’s contribution to metacognition might analogously be domain-specific. Indeed, 659 

previous studies tapping into the OFC role in meta-related processes were all on perceptual 660 

decisions, such as odor discrimination judgement (Kepecs et al., 2008; Lak et al., 2014), 661 

whereas at present the tasks in question concern mnemonic decisions. Some recent work on 662 

humans has similarly evinced such specificity for perceptual vs. memory related metacognition 663 

(Fleming et al., 2014; Ye et al., 2018; Ye et al. 2019). 664 

Applications and limitations of reaction-time approach 665 



We categorized trials into fast-response trials (high confidence) and slow-response trials 666 

(low confidence) according to the median of RT (Dotan et al., 2018). A similar method was 667 

used in humans, suggesting fast-response and slow-response are supported by distinct 668 

mechanisms (Novikov et al., 2017) and processes (van de Vijver et al., 2011; Coomans et al., 669 

2016). While recognizing that other possibilities exist, for example fast trials and slow trials 670 

might also relate to different levels of attention besides uncertainty (Novikov et al., 2017), 671 

certainty is nonetheless informed by RT (Kiani et al., 2014) and all considered process are 672 

presumably related to self-monitoring. In our approach we focus on four kinds of trials: 673 

correct/high confidence (fast RT), incorrect/low confidence (slow RT), correct/low confidence 674 

(slow RT), incorrect/high confidence (fast RT); accordingly, our analyses may be considered to 675 

be particularly relevant to implicit metacognitive accuracy of the decision-making system.  676 

In the present experiments, we used RTs as a proxy for memory decision confidence. 677 

This might not capture as much meta-component as other paradigms which explicitly require 678 

the animals to provide accurate metacognitive judgements to obtain rewards (Miyamoto et al., 679 

2017; Miyamoto et al., 2018). Moreover, as opposed to some other paradigms (Lak et al., 680 

2014) which can produce a continuum of confidence ratings, using a sharp, half-half median 681 

cut-off might also obscure the true distribution of high vs. low confidence pattern. Using this 682 

rather implicit measurement for confidence, the RT in type I tasks may possibly be entangled 683 

with other non-metacognitive components, leaving us with a mixed read-out of the directional 684 

certainty (Moreira et al., 2018). However, the advantage of RT-indexed metacognition should 685 

not be overlooked too, namely that it does not suffer from any training-induced associations 686 

such as environmental cue associations, behavioral cue associations, response competition, 687 

which could contaminate true introspection (Hampton, 2009). 688 

A wider theoretical implication afforded by the current study is that this same group of 689 

sdlPFC monkeys, despite their impaired memory self-appraisal in the 690 

delayed-matching-to-position task, were completely intact in all aspects of a rule-guided 691 

memory Wisconsin Card Sorting Test analog (Buckley et al., 2009). This constitutes a stark 692 



contrast to the OFC-lesioned monkeys, who were impaired in updating rule-value 693 

representation in the WCST analog (Buckley et al., 2009), but not in their introspection in the 694 

present delayed-matching-to-position tasks. These results taken together constitute a double 695 

dissociation within PFC between dorsolateral and ventromedial PFC regions in differentially 696 

supporting two related, yet perhaps distinct, higher-order processes, providing compelling 697 

evidence suggestive of functional specialization of dual supervisory, self-monitoring abilities 698 

between dorsolateral vs. ventral parts of the PFC.  699 

  700 



 701 



Figure 1. Histology. The top panel depicts photomicrographs of stained coronal sections 702 

through the area of the intended lesion in the three animals with sdlPFC lesions (sdlPFC1 to 703 

sdlPFC3) alongside drawings of the intended extent of the lesions on drawings of 704 

representative coronal sections (left column). The lower panel depicts photomicrographs of 705 

stained coronal sections through the area of the intended lesion in the three animals with OFC 706 

lesions (OFC1 to OFC3) alongside drawings of the intended extent of the lesions on drawings 707 

of representative coronal sections (left column). The top row of each panel shows 708 

reconstructions of the area of cortex lesioned on drawings of representative lateral and ventral 709 

surfaces. Numerals: distance in mm from the interaural plane. This figure is based on data 710 

from, and a supplementary figure in, Buckley et al. (2009).  711 
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718

Figure 2. Delayed-matching-to-position tasks. Each trial consisted of a sample (red cross) 719

stage, a distractor (blue square) stage, a delay, and then a probe/choice (2 red crosses) stage. 720

Temporally-taxing DMP: five levels of delay interval between distractor and probes (either 1, 2, 721

4, 8, or 16 s); spatially-taxing variant DMP: four levels of separation between two red crosses in 722

probe (visual angles of either 4.8°, 8.6°, 15.2°, or 21.7° which are equivalent to 23, 16, 9, and 5 723

cm on screen; all delay fixed at 1s). S+ denotes the target, S- the foil. The grey dotted circle in 724

the figure is invisible to the animal and is just shown to illustrate the two choices are always 725

equidistant to the distractor to obviate proximity bias.  726



 727 

728 

Figure 3. Differential deficits in meta-indices and accuracy x confidence interaction in 729 

sdlPFC group in spatially-demanding recognition. Meta performance for the 3 monkey 730 

groups (OFC, sdlPFC, CON). Metacognitive accuracy in sdlPFC group was lower than CON 731 

group for spatial-variant task, but not for the temporal-variant task: (A) SDT meta-d'/d′, (B) 732 

hierarchical-model meta-d'/d′, and (C) Phi coefficient (Φ). Horizontal axes represent the two 733 

spatial recognition tasks (temporal-variant; spatial-variant). Vertical axes represent the three 734 

meta indices. (D – E) Accuracy in high-confidence trials is usually higher than low-confidence 735 

trials (for both CON and OFC monkeys in both tasks) but such effects were disrupted in the 736 

sdlPFC monkeys especially in the spatial-variant task.  indicates significant “Group x 737 

Confidence” interaction P < 0.05, * P < 0.05. Colored dots depict individuals. Error bars 738 

indicate standard error of the mean (SEM).  739 
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 742 

Figure 4. Reaction time distributions for correct and incorrect responses of individual 743 
monkeys. X-axis = RT, y-axis = density; green and red lines depict the kernel density 744 
estimation; blue lines depict the medial RT of each monkey. Bin size for the histograms is set at 745 
200 ms.746 

 747 
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 749 

Figure 5. sdlPFC and OFC lesions did not result in recognition impairment. Memory task 750 

performance was intact in both tasks: (A) temporal-variant percentage correct, (B) 751 

temporal-variant reaction time, (C) spatial-variant percentage correct, and (D) spatial-variant 752 

reaction time. Error bars indicate standard error of the mean (SEM).  753 
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 755 

 756 

Figure 6. Meta-memory deficits could not be explained away by speed-accuracy trade off. 757 

Inverse efficiency (reaction time / percentage correct) shows no main effect of “Group” in (A) 758 

temporal-variant task and (B) spatial-variant task. Error bars indicate standard error of the 759 

mean (SEM).  760 
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 762 

 763 

Figure 7. No meta-memory deficit following dlPFC lesion in WCST analog. Meta 764 

performance for the 2 monkey groups (sdlPFC, CON) in the two spatial recognition tasks 765 

(temporal-variant; spatial-variant) and WCST analog. Vertical axes represent the three meta 766 

indices: (A) SDT meta-d'/d′, (B) hierarchical-model meta-d'/d′ and (C) Phi coefficient (Φ). 767 

Metacognitive accuracy in sdlPFC group was lower than CON group for spatial-variant task 768 

(see also FIG. 3A-C), but not for WCST analog or temporal-variant task. Error bars indicate 769 

standard error of the mean (SEM). * P < 0.05. Colored dots depict individual monkeys. 770 
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773

Figure 8. Strong correlations among the three meta-cognitive metrics. Pearson correlations 774

computed among the three indices were all statistically significant (all Ps < 0.001). Colored 775

dots depict individual data points collapsed across monkey groups, with each monkey shown 776

twice (temporal- and spatial-variants). 777

778



Table 1. Percentiles of each monkey’s actual meta-scores in comparison to the simulated 779 
data for all three tasks in which no impairment was found. The inferential statistics is 780 
performed using a minimum statistic method (Nichols et al., 2005), showing that the real 781 
unimpaired monkeys meta-scores are all significantly higher than chance level.  782 
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