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20

21 Abstract

22 To examine the effects of cognitive reserve (CR) and working memory (WM) 

23 load on the cognitive performance of young adults, we performed two event-related 

24 potential (ERP) experiments. The first experiment aims to show how high CR 

25 influences young adult performance as a function of two levels of working memory 

26 load (high vs. low) during a Sternberg task. For both positive and negative probes, 

27 participants with high and low CR showed larger P300 amplitudes to low WM loads 

28 than to high WM loads. Both CR groups showed a longer P300 latency to high WM 

29 loads than to low WM loads, but this difference was greater for the low CR group 

30 than for the high CR group. The high CR group displayed larger P300 amplitudes 

31 for every experimental condition compared to the low CR group. The second 

32 experiment analyzed grammatical gender agreement in sentence processing when 

33 CR and WM load were manipulated. Sentences varied according to the gender 

34 agreement of the noun and adjective, where the gender of the adjective either 

35 agreed or disagreed with that of the noun (agreement), and with regard to the 

36 number of words between the noun and the adjective in the sentence (WM load). 

37 Participants with high CR showed greater modulation of left anterior negativity 

38 (LAN) and P600a effects as WM increased than that observed in participants with 

39 low CR. The findings together suggest that higher levels of cognitive reserve 

40 improve neural efficiency, which may result in better working memory performance 

41 and sentence processing. 

42
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43 Introduction

44 Lifestyle and everyday experiences seem to have a cumulative impact on 

45 cognition. An enriched environment during one’s life may play a protective role 

46 against cognitive deficits associated with aging [1,2], which could be a 

47 consequence when optimizing the use of resources through the recruitment of 

48 neural networks and/or alternative cognitive strategies [2]. This adaptation 

49 mechanism, called the cognitive reserve (CR), can be defined as the capacity, 

50 flexibility or efficiency of cognitive processes that are associated with the 

51 susceptibility to aging or pathology [3,4]. Although CR cannot be directly 

52 measured, it can be assessed by measuring proxy variables such as educational 

53 level, intelligence quotient (IQ), occupational complexity and leisure activities that 

54 require some intellectual effort [4]. 

55 A high CR is associated with good performance in cognitive tasks of working 

56 memory, attention and reasoning [5–10]. Its effect on cognition is especially 

57 noticeable in older adults and in populations with some brain pathology [11–16]. 

58 Thus, CR is considered to increase the efficiency and flexibility of neural networks 

59 [17,18].

60 Although CR can be observed in the performance of older adults, given the 

61 accumulation of experiences from an enriched lifestyle, it can be hypothesized that 

62 this phenomenon should be observed even in young adults since CR is present 

63 through all stages of development. Thus far, we do not know of any study in which 

64 the effects of CR in healthy young adults are evaluated. Studies comparing the 

65 performance of older adults with that of young people not only show differences in 
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66 the processing pattern due to development or age [9,19], but also in terms of the 

67 accumulation of experiences.

68 Several studies have reported the impact of CR on working memory (WM) 

69 [7,9,20–23], since WM represents a measure of fluid intelligence through which CR 

70 could act as a protective mechanism of cognitive abilities against cognitive deficits 

71 [24,25]. Based on neuroimaging studies, compensation models have been 

72 proposed given the brain activation patterns as an effect of CR during the 

73 performance of WM tasks. For example, in the Hemispheric Asymmetry Reduction 

74 in Older Adults model (HAROLD model; [26]), it is suggested that neurofunctional 

75 changes related to age are associated with a significant reduction of hemispheric 

76 lateralization in the prefrontal cortex. Thus, an efficient performance in an older 

77 adult that shows bilateral activation can be a reflection of compensation. In 

78 contrast, in the Posterior-Anterior Shift in Aging model (PASA model; [27]), the 

79 compensation is considered to be the changes in the activation pattern from the 

80 posterior to anterior regions associated with aging. In the Scaffolding Theory of 

81 Aging and Cognition (STAC, [28]), scaffolds involve the participation of 

82 supplementary neuronal circuits that provide the additional computational support 

83 required by an older brain to preserve cognitive function in the face of localized or 

84 global neurofunctional impairment. In neuroimaging studies, scaffolding is 

85 observed as a greater activation or an additional recruitment of the prefrontal and 

86 parietal brain regions compared to young adults.

87 The effects of CR on cognition in younger populations of patients have not 

88 been thoroughly studied because specific compensatory mechanisms for these 

89 patients have not been proposed from functional studies of 
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90 electroencephalography or neuroimaging; however, the same mechanisms 

91 described in aging could be applied to explain the superiority of patients with 

92 greater CR to recover themselves [29,30].

93 Studies on Event-related potentials (ERPs) recorded during cognitive tasks 

94 allow the gathering of information with great temporal resolution. ERPs are the 

95 average of the cerebral electrical activity synchronized to some external or internal 

96 events and are classified according to their polarity (i.e., positive or negative 

97 deflections in the waves), the time in milliseconds from the stimulus presentation, 

98 and their distribution over the scalp. Recently, Gu et al. [6], Speer and Soldan [9], 

99 and Sundgren, Wahlin, Maurex and Brismar [31] showed that participants with a 

100 higher CR level had a higher percentage of correct answers, shorter response 

101 times and a different modulation of the P300 amplitude with respect to subjects 

102 with lower CR during a working memory (WM) task with different levels of difficulty. 

103 The P300 component is a positive deflection of the ERP with a maximum 

104 amplitude at 300 milliseconds and is associated with the updating of working 

105 memory [32,33]. The P300 component has been related to the cognitive demand of 

106 a task [33,34] and the related attentional processes [35]. For instance, Speer and 

107 Soldan [9] found that subjects performing a verbal working memory task (the 

108 Sternberg task) showed decreasing P300 amplitudes and longer latencies with 

109 increasing WM load, but this effect was greater in subjects who had low CR (in 

110 both young and older individuals) than subjects with a high CR. This result was 

111 interpreted as a greater CR being associated with greater neuronal efficiency in 

112 terms of lower neural activity and higher processing speed as the demand for the 

113 task increased. Gu et al. [6] reported similar results in healthy adults; they found a 
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114 negative correlation between changes in the amplitude of the P300 component and 

115 the level of CR and suggested that higher CR reduces neural inefficiency. 

116 Modulations of the amplitude of P300 have also been associated with a physically 

117 active lifestyle [36], educational level [11], and intelligence [37,38].

118 To our knowledge, there are few studies on the impact of CR on language, 

119 especially on the processing of sentences, perhaps because certain types of 

120 processes that are involved, unlike working memory, are associated with 

121 crystallized intelligence [39]. Nevertheless, only one behavioral study [40] has 

122 examined how print exposure (i.e., habitual investment in reading and literacy 

123 activities) affects sentence processing and memory in older adults. They showed 

124 that life-long habits of literacy increase the efficiency of component reading 

125 processes, buffer the effects of working memory decline on comprehension and 

126 contribute to maintaining skilled reading.

127 Compared with older adults, young people are more cognitively and neurally 

128 efficient, but older adults have been shown to be able to compensate, perhaps as 

129 mechanisms resulting from CR, although there is no evidence to support this idea. 

130 A recent ERP study that analyzed the sentence processing of younger adults with 

131 respect to older adults at two levels of WM load by comparing brain electrical 

132 activity associated with grammatical gender agreement processing [41] showed a 

133 sequence-specific processing pattern in older adults that could reflect the process 

134 of compensation. Older adults displayed modulations of the amplitude of the ERPs 

135 that denoted an initial failure in the identification of the grammatical violation (i.e., 

136 left anterior negativity (LAN), morphosyntactic analysis; [42,43]) but with a 

137 compensation of this process in later stages of the analysis of the sentence (i.e., 
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138 P600a, integration of arguments and P600b, mapping of meaning; [43,44]). This 

139 atypical processing did not affect the accuracy of their responses, although the 

140 response times were longer for older adults than for young people. Older adults 

141 also showed a greater modulation of the amplitude in relation to the WM load than 

142 young people. Small amplitudes of the P600a and P600b components were 

143 observed in the high load condition of the MT, a fact that was not observed in the 

144 younger participants. These findings may be consistent with the idea of neural 

145 efficiency [9,45] or the idea that older adults may show a less efficient neural 

146 response accompanied by compensation.

147 The objective of the present ERP study was to analyze the effect of CR on 

148 the performance of young adults. In the same sense as in the studies with older 

149 adults, we intend to see the CR effect by dividing the sample of participants into 

150 high and low CR groups. We hypothesize that young people with high CR will show 

151 better behavioral performance and that their brain electrical response pattern will 

152 reflect earlier processing and will be less vulnerable to the complexity of the task 

153 compared to the participants with low CR. We think that this beneficial effect of CR 

154 would be observed in young people facing two levels of WM load while they are 

155 performing tasks involving fluid intelligence (Sternberg WM task) and crystalized 

156 intelligence (Reading sentence task).

157
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159 Experiment 1

160 This experiment aimed to analyze specifically whether high levels of CR and 

161 two levels of memory load modulate the P300 amplitude and the behavioral 

162 performance of young adults during a Sternberg task. Given the evidence on 

163 greater P300 amplitude modulation and poor behavioral performance when 

164 participants have low CR [9], we expect to observe a lower percentage of correct 

165 answers and longer reaction times during a Sternberg task with two levels of WM 

166 load in a group of young people with low CR than in a second group with high CR. 

167 This pattern of differences would be more evident for the higher memory load 

168 condition. Likewise, the high CR group would show larger P300 amplitudes in both 

169 WM load levels than the low CR group. This latter group would also show a greater 

170 modulation of the P300 amplitude depending on the WM load; specifically, a 

171 smaller P300 amplitude is expected when the WM load increases. In contrast, 

172 participants with high CR would not show this pattern of amplitude modulation 

173 between WM loads because these conditions would not have a significant 

174 processing cost for this group.

175

176 Materials and Methods

177 Participants

178 The sample consisted of 40 young Mexican adults, 18 women and 22 men. 

179 All participants were right-handed, and their ages ranged between 20 and 30 years 

180 (mean age = 24.4 years, SD = 3.04). All participants had normal or corrected vision 

181 and did not report any history of neurological or psychiatric problems, illegal drug 
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182 use or frequent consumption of medical drugs and alcohol. In the case of women, 

183 the assessment was performed avoiding menstrual days [46].

184 Participants were grouped into two levels of CR (high and low) according to 

185 four proxy measures of cognitive reserve: a) years of formal education (high: 12 

186 years, low: < 12), b) occupational level (high: levels 4 and 5, low: levels 1 and 2) 

187 from of the competencies of the National Classification System of Occupations [47] 

188 (level 1: jobs that require relatively easy tasks that could involve physical strength 

189 and endurance; level 2: occupations that require the use of specialized equipment 

190 or vehicles; level 3: jobs that demand more complex activities in which an 

191 intermediate level of knowledge in a more specialized field is needed; level 4: 

192 occupations involving decision making, problem solving, leadership skills, a 

193 specialized degree, an expert level of knowledge and wide experience in the field), 

194 c) the verbal comprehension index (high: VCI > 100, low: VCI  100,) from the 

195 WAIS-IV intelligence scale [48] and d) the total score of a CR questionnaire 

196 (high: > 90, low: < 70), which assess everyday activities.

197 Each participant received a score of 1 or 2 if his/her proxy scores fell into the 

198 low or high categories, respectively. The total score for each subject was obtained 

199 by summing these four proxy measures. Participants who obtained a total score of 

200 7 or 8 were included in the high CR group, while those who obtained a total score 

201 of 5 or less were included in the low CR group. Subjects with a total score of 6 

202 were excluded. Finally, 22 participants were placed in the high CR group and 18 in 

203 the low CR group. There were no significant differences regarding gender between 
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204 the groups (high CR: 40% women, low CR: 50% women, X2 = 0.331, p = 0.56). 

205 Table 1 summarizes the sociodemographic features of the groups.

206

207

208 Table 1. Demographic data, WAIS scores and Cognitive Reserve 

209 questionnaire total score. Means and standard deviations.

High CR Low CR

N = 22 

(female = 9)

N = 18 

(female = 9)
t(38)

95% 

Confidence 

Interval

Mean (SD) Mean (SD)

Age (years) 23.18 (2.13) 26.00 (3.33) -3.11** a -4.67 : -0.96

Years of Schooling 15.59 (1.71) 10.33 (2.95) 6.70*** 3.64 : 6.87

Occupation; mode (range) 1 (3) 1(1) Z = -1.45 b U = 148.5 

WAIS-Similarities 11.59 (1.33) 8.67 (2.20) 5.20*** 1.80 : 4.06

WAIS-Vocabulary 12.27 (2.10) 8.94 (1.76) 5.36*** 2.07 : 4.59

WAIS-Information 11.77 (2.49) 6.33 (2.20) 7.25*** 3.92 : 6.96

WAIS-VCI 110.68 (9.80) 89.17 (8.47) 7.33*** 15.06 : 27.45

Total CR questionnaire 

score
109.09 (37.97) 123.39 (53.92) -0.98 -43.76 : 15.17

210 SD: Standard Deviation; CR: Cognitive Reserve; VCI: Verbal Comprehension 

211 Index; a: t(27.8); b: p = 0.15, Mean Rank: High CR = 22.75, Low CR = 17.75. ** p < 

212 0.01; *** p < 0.001

213
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214

215 Informed consent was obtained from all participants. The project was 

216 approved by the ethics committee of the Institute of Neurobiology of the 

217 Universidad Nacional Autónoma de México (Ethical Application Ref: INEU / SA / 

218 CB / 109), according to the Declaration of Helsinki.

219

220 CR assessment

221 Similar to questions in the instruments proposed by others [49–51], we 

222 elaborated 26 questions with a Likert-type response assessing participant’s 

223 activities in four periods of their life (1 [18 - 21 years old], 2 [22 - 25 years old], 3 

224 [26 - 29 years old] and 4 [30 - 33 years old]). These questions were intended to 

225 assess everyday activities (i.e., social, cognitive and physical activities). The 

226 response options were framed in terms of the frequencies of these activities: 0) 

227 Never, 1) A few times a year, 2) A few times a month, 3) A few days a week and 4) 

228 Almost every day or every day. Each participant give one or more answers to each 

229 item depending on their age (number of periods);the older the participant was, the 

230 more periods of life they had completed. The total score for each person was 

231 obtained by directly adding the scores given from the items across the periods. A 

232 higher scores indicates a higher frequency of different activities and a higher 

233 cognitive reserve. The possible maximum score per item was 16, and the 

234 maximum total score was 416.

235 The reliability and validity of our CR questionnaire was assessed by 

236 applying it to 193 Mexican young people (73 women and 120 men) between 20 
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237 and 30 years old. The internal consistency of the 26 items was acceptable 

238 (Cronbach's α = 0.950). Pearson correlation analysis showed significant positive 

239 correlations between the total score of the questionnaire and the educational level 

240 (r = 0.449, p < 0.001), occupational level (r = 0.264, p < 0.01), and the VCI (r = 

241 0.273, p < 0.01) of these participants.

242

243 Stimuli

244 One hundred eighty digit-sets divided into two levels of memory load were 

245 built. The memory sets were formed by four digits (1 to 9). The low memory load 

246 sets consisted of only one digit repeated four times; in contrast, the high memory 

247 load sets consisted of four different digits randomly sorted, avoiding strings of 

248 consecutive numbers, either in ascending or descending order. The digits were 

249 presented in white (Arial, size 12) on a black background. The probe stimulus was 

250 a single digit presented at the center of the monitor. Trials were presented 

251 randomly during the trial sequence and divided into two blocks with 45 trials each 

252 (90 for each level of difficulty).

253

254 The Sternberg task

255 The WM task trials were a modified version of the Sternberg verbal work 

256 memory paradigm and began with the presentation of an asterisk for 1000 ms at 

257 the center of the screen (fixation point); this was followed by an interstimulus 

258 interval of 500 ms, as shown in Fig 1. Subsequently, a memory set of four digits 

259 was presented for 1000 ms. A retention time of 1000 ms was then initiated where 
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260 the screen turned black at the end of the presentation of the set. Next, a probe digit 

261 was presented for 1000 ms, and the participants were instructed to respond by 

262 pressing one button on a response box if the probe digit was included in the 

263 memory set previously presented (positive probe) or the other button if the probe 

264 digit had not appeared (negative probe). The use of the response buttons was 

265 counterbalanced across participants. Memory set trials (high and low WM load) 

266 and probe stimuli (positive or negative) were randomly presented in the trial 

267 sequence. The participants were instructed to answer as quickly as they could 

268 while avoiding making mistakes. Participants were not provided feedback on their 

269 performance. The task lasted approximately 20 min.

270

271 Fig 1. Time flowchart of Sternberg's working memory task. Examples of high 

272 and low WM load condition memory sets and probes that do or do not belong to 

273 the set (positive and negative probes). The gray box represents a window time-

274 locked to the continuous EEG.

275

276 The stimuli were delivered by the STIM2 software (NeuroScan, 

277 CompuMedics, Charlotte, NC, USA) through a PC using a 17” monitor. Participants 

278 sat 70 cm from the screen in a room with the light off.

279

280 ERP acquisition and analysis

281 The electroencephalogram (EEG) was recorded using a SynAmps system 

282 (NeuroScan, CompuMedics) and collected through 32 silver electrodes embedded 
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283 in an elastic cap (ElectroCap International, Inc., Eaton, OH, United States) 

284 referenced to the right earlobe (A2). The left earlobe was recorded independently. 

285 The bandwidth of the amplifiers was set to 0.1-100 Hz, and the signal was digitized 

286 at a 500 Hz sampling rate. Impedances were kept below 5 kΩ. Two electrodes 

287 placed on the external canthus and superciliary arch of the left eye were used to 

288 record the electrooculogram (EOG).

289 The EEG recordings were rereferenced offline using the average of the 

290 earlobe signals (A1-A2). The continuous EEG recording was epoched from 200 ms 

291 prestimulus to 1000 ms poststimulus. The ERP waveform was baseline corrected, 

292 and drift was removed using the linear detrend tool from the NeuroScan 4.5 

293 software (CompuMedics). All EEG epochs were visually inspected, and manual 

294 rejection of segments was performed. Segments corresponding to incorrect 

295 responses were rejected. The artifact-free segments from each participant were 

296 averaged for each experimental condition. Approximately 23 segments were used 

297 for the average of the ERPs for both groups in all task conditions. No significant 

298 differences were observed regarding the number of artifact-free EEG segments 

299 across experimental conditions. From the total EEG segments of the high CR 

300 group, 58.5% of the high WM load condition segments and 61.5% of the low WM 

301 load condition segments were retained. For the low CR group, 56% of the high WM 

302 load condition segments and 57% of the low WM load condition segments were 

303 retained.
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305 Statistical analysis of the behavioral data

306 Analysis of the behavioral data was carried out using the commercial 

307 software SPSS 20. Two three-way ANOVAs were performed on the percentage of 

308 correct answers and the response times. WM load (high and low) and Probe type 

309 (Positive and Negative) were used as within-subjects factors and CR level (high 

310 and low) was used a between-subjects factor. Honest significant difference (HSD) 

311 post hoc pairwise tests were performed for multiple comparisons. The percentage 

312 of correct answers for both tasks was transformed using the function 

313 arcsine[square root(percentage / 100)] to ensure the normal distribution of the 

314 data.

315

316 Statistical analysis of the ERP data

317 For the ERP latency data, two three-way ANOVAs were separately 

318 performed on the P300 latencies by Probe type (Positive and Negative) with WM 

319 load (high and low) and Electrode site (Fz, Cz, Pz) as within-subjects factors, and 

320 CR level (high and low) as a between-subjects factor. Honest significant difference 

321 (HSD) post hoc pairwise tests were performed for multiple comparisons.

322 For the analysis of ERP amplitude, the nonparametric permutation test was 

323 performed. Since there is a multiplicity of comparisons in the analysis of the ERP 

324 data, there is a high probability of increasing the type I error, so the use of 

325 multivariate nonparametric permutation tests has been recommended [52]. This 

326 method is a distribution-free test that builds an empirical probability distribution 

327 computing multiple statistical tests. This statistical tool is included in the eLORETA 
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328 software (exact low-resolution brain electromagnetic tomography; [53]). The 

329 statistical analysis was performed using 10,000 permutations. t max (0.05 p-alpha) 

330 and its global p-value were reported. This statistic represents the significance when 

331 all the electrodes sites and/or all the points in times are considered. Significant t-

332 marginal values (all p < 0.05) corresponding to specific differences at each 

333 electrode site were represented in color maps. The false discovery rate (FDR) 

334 method was used to correct the global p-alpha for multiple comparisons between 

335 experimental conditions using nonparametric analysis with permutations. We used 

336 the Benjamini-Hochberg method [54] to identify those p-values associated with t-

337 max global values that remain significant.

338

339 Results

340 Behavioral

341 The percentage of correct answers and the average response time are 

342 shown in Fig 2. A WM load by CR group interaction was found (F(1, 38) = 7.66, p = 

343 .009, p2 = 1.7) for the percentage of correct answers. The post hoc tests showed 

344 that both groups (high CR: MD HSD = -0.11, p < 0.001; low CR: MD HSD= -0.20, p < 

345 0.001) had a larger percentage of correct answers for the low WM load than for the 

346 high WM load, but this difference was greater for participants with a low CR.

347

348 Fig 2. Means and standard deviations of the percent of correct answers (top) 

349 and response times (bottom) for high and low working memory (WM) sets. 

350 Note that both groups displayed significantly lower percentages of correct answers 
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351 for the high WM load than for the low WM load condition. This effect was greater 

352 for the group with low CR (represented in gray bars). *** p < 0.001

353

354

355 There were no significant differences between the groups with respect to the 

356 response time (main effect of Group: F < 1), the WM load by CR group interaction 

357 (F < 1) or the Probe type by CR group interaction (F < 1).

358

359 ERP time windows

360 To delimit the time windows where the ERP amplitude differed between 

361 probe types (positive and negative) throughout the whole epoch (-200 to 1000 ms) 

362 and across all electrodes over the scalp, a nonparametric permutation test was 

363 performed. Two independent analyses were separately performed for each CR 

364 group, one for each probe type.

365 Fig 3a shows the grand averages of each group for each memory set 

366 condition. In both groups and both probe types, significant differences between 

367 WM loads were found in the interval from 270 ms to 450 ms (high CR group: 

368 positive probes [t max (.05) = -5.359, global p < .0001]; negative probes [t max (.05) = 

369 -5.464, global p < .0001]; low CR group: positive probes [t max (.05) = -5.355, global 

370 p < .001]; negative probes [t max (.05) = -5.580, global p < .0001]). Specifically, 

371 within this time window, the positive wave had a significantly larger amplitude for 

372 the low WM load than for the high WM load condition. Taking into account the 

373 latency of occurrence, the polarity, and the correspondence of this component with 
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374 this cognitive task, this significant effect can be considered as the P300 

375 component.

376

377 ERP latency

378 There were greater P300 latencies for the high WM load than the low WM 

379 load condition for the positive probes (F(1,38) = 26.9, p < 0.0001, p2 = 0.41) and 

380 for the negative probes (F(1, 38) = 5.75, p = 0.021, p2 = 0.13). The WM load by 

381 Electrode site by Group interaction was not significant for the positive probes (F(2, 

382 76) = 2.65, p = 0.083, p2 = 0.07,  G-G = 0.91), but the interaction was significant 

383 for the negative probes (F(2, 76) = 3.21, p = 0.049, p2 = 0.08,  G-G = 0.95). 

384 Pairwise multiple comparisons indicated that participants with high CR showed 

385 slightly greater P300 latency to high WM than low WM loads at Cz (MD HSD = 

386 31.05, p = 0.048), while participants with low CR displayed a more-significantly 

387 greater P300 latency to high WM than low WMs load at Pz (MD HSD = 49.56 p = 

388 0.001)

389

390 Fig 3. Event-related potentials to the Sternberg task. a) Grand averages of the 

391 high cognitive reserve (CR) and the low CR groups at the midline electrodes. 

392 Negative is plotted up. Gray lines represent the ERPs to high WM loads and black 

393 ones to low WM loads. Solid lines represent positive probes, and dotted lines 

394 represent negative probes; b) statistical maps of the amplitude change of the P300 

395 component by WM load for each group and type of probe. Red represents t-values 

396 where the P300 amplitude change was significant (low WM load > high WM load); 
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397 c) statistical maps of the P300 effect for positive and negative probes for the two 

398 WM load conditions (high and low). A significantly greater P300 effect is 

399 represented with red dots.

400

401

402 ERP amplitude

403 Fig 3b shows statistical maps that represent the comparisons between WM 

404 loads using the mean amplitudes at the P300 window for each Group and Probe 

405 type. In both groups, there was a larger P300 amplitude for low WM loads than for 

406 high WM loads, both for positive and negative probes, over all electrode sites. In 

407 the high CR group, a larger P300 amplitude for the low WM load than the high WM 

408 load condition was observed for positive probes (t max (.01) = 3.57, global p = 

409 0.0002) over all electrode sites (all p < 0.001), but mainly over C4, P3, T3 and T5 

410 (p < 0.0001). In this group, there was also a larger P300 amplitude for low WM 

411 loads than for high WM loads for negative probes (t max (.01) = 3.39, global p = 

412 0.0002) over all electrode sites (all p < 0.001), but mainly over Ft8, T3, T4, Tp7 and 

413 Tp8 (p < 0.0001). Similarly, these differences were observed in the low CR group 

414 for positive probes (t max (.01) = 3.64, global p = 0.0002) over all electrode sites (all 

415 p < 0.001), but mainly over P3 and P4 (p < 0.0001), and for negative probes (t max 

416 (.01) = 3.26, global p = 0.0002) over all electrode sites (all p < 0.001), but mainly 

417 over C4, P4, Cpz, Cz, and Cp4 (p < 0.0001).

418 A comparison between WM loads by Groups was performed for each type of 

419 probe (H0: A1-A2 = B1-B2, where A and B are the high and low CR groups, 
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420 respectively, and 1 and 2 are high and low WM loads, respectively). There were no 

421 significant differences for positive probes (t max (0.05) = 2.636, global p= 0.382) or 

422 for negative probes (t max (0.05) = 2.629, global p = 0.520). However, as can be 

423 noted in Fig 3b, the distribution of the differences between WM loads seemed to be 

424 wider for the low CR group than for the high CR group when negative probes were 

425 used. Furthermore, these topographic differences in the P300 amplitude seemed to 

426 have a wider distribution in the negative than in the positive probe conditions for 

427 the low CR group than for the high CR group.

428 In another series of analyses, four independent samples t-tests were 

429 performed. Fig 3c shows the comparison between the two groups (high and low 

430 CR) for each of the four experimental conditions. For high WM load and positive 

431 probes, the high CR group showed a greater amplitude of the P300 component 

432 than the low CR group (t max (.05) = 2.679, global p = .0064, FDR H-B p = .0128) 

433 over the posterior recording sites (all p < 0.05). In this same WM load condition, but 

434 for negative probes, there were no differences between groups (t max (.05) = 2.731, 

435 global p = .154, FDR H-B p = .1540). In the low WM load condition, there were P300 

436 amplitude differences between the groups for both types of probes. For the positive 

437 probe, the amplitude of the P300 component was larger in the high CR group than 

438 in the low CR group (t max (.05) = 2.750, global p = .0200, FDR H-B p = .0266) over 

439 T5, and for the negative probe, the amplitude of the P300 component was also 

440 larger in the high CR group than in the low CR group (t max (.05) = 2.732, global p = 

441 .0054, FDR H-B p = .0216), here over T3 and Tp7.

442
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443 Discussion

444 It was expected that the group of young people with high CR would show 

445 greater efficient and faster responses than the group with low CR in a Sternberg-

446 type task. Additionally, it was expected that those with high CR would show smaller 

447 changes in their behavioral performance between different levels of WM load than 

448 those with low CR. In accordance with our hypotheses, the participants with high 

449 CR showed smaller differences as the WM load increased in the percentage of 

450 correct answers than those with low CR. This finding supports the idea that a 

451 higher CR is associated with efficient neural networks operating to perform a 

452 cognitive task and is consistent with previous studies in older [6,9,55–57] and 

453 young adults [9].

454 In contrast to previous results in young adults using a Sternberg-like task [6], 

455 where significant correlations between CR composite scores and response times 

456 were observed, but consistent with Speer & Soldan [9], our groups of young 

457 participants did not differ in response times. Our findings can be interpreted as the 

458 use of different strategies to solve the task. Persons with high CR could be more 

459 precise while sacrificing response time, while those with low CR responded as 

460 slowly as the others but more erratically.

461 Considering the idea of neural efficiency [45], we also hypothesized that the 

462 effect of CR could be observed in changes in P300 amplitude with respect to WM 

463 load. According to Speer & Soldan [9], this idea could be considered a 

464 measurement of neural inefficiency. In their study, they correlated the mean 

465 change in the amplitude of the P300 component as a function of WM load with the 
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466 CR composite and with behavioral performance. To calculate the mean amplitude 

467 change, they averaged the amplitudes across the P300 time window and across 

468 electrodes for each set size. Afterwards, they subtracted amplitude at set size 1 

469 from the amplitude at set size 7 Then, similar to Gu et al.’s results [6], they found 

470 that individuals with higher CR composite scores showed less change in P300 

471 amplitude with increasing task demands. Based on these findings, we expected 

472 that the participants with low CR should show greater modulations or changes in 

473 the P300 amplitude as the WM load increased (i.e., greater P300 amplitude 

474 changes in the low than in the high WM load condition).

475 Both groups of young adults displayed significantly larger amplitudes of 

476 P300 for low WM than for high WM loads (WM load-related changes). Although 

477 there was no evidence of a significant difference between groups with increasing 

478 WM load, the low CR group seemed to display a wider distribution of WM load-

479 related changes than the high CR group to negative probes. Why was the 

480 previously reported pattern not observed here? A possible explanation is that the 

481 previous studies computed a composite of P300 amplitudes from all electrode 

482 sites, from all time points within the P300 time window and for both the positive and 

483 negative probe conditions; then, this composite was correlated to the CR 

484 composite score. This procedure could hide some topographical differences 

485 between the groups by the type of probe. Our results could indicate that 

486 participants with low CR, on the one hand, have an inefficient neural network, 

487 which was shown by the P300 amplitude changes as the WM load increased for 

488 the negative probes, and on the other hand, were as efficient as participants with 

489 high CR when positive probes were used, perhaps because the processing of 
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490 negative probes requires a complete search of the set, implying more cognitive 

491 demand. This could be supported by our latency findings and by the results of 

492 previous studies [6,9]. The low CR group displayed significantly longer P300 peak 

493 latencies to high WM than to low WM loads, and this difference was more marked 

494 in this group than in the high CR group for the negative probes.

495 A higher cognitive demand was also observed globally across experimental 

496 conditions, even though there were no robust behavioral differences between the 

497 groups. The participants with low CR showed a significantly smaller P300 

498 amplitude than those participants with high CR for negative probes at high and low 

499 WM loads and for positive probes at low WM loads. These findings are supported 

500 by previous P300 ERP studies [33,34] that showed that smaller amplitudes of the 

501 P300 component are associated with greater difficulty of processing, while larger 

502 amplitudes are related to less difficulty in performing the task while maintaining a 

503 constant level of performance.
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505 Experiment 2

506 In this experiment, we analyzed the effect of CR on the performance of 

507 young people, wherein grammatical gender agreement is processed during a 

508 grammatical judgment task of sentences. There is scarce evidence to indicate 

509 different cognitive performance between subjects with high and low CR in sentence 

510 processing during reading. In healthy older adults, in whom cognitive decline is 

511 more likely to manifest, there is a more efficient response when CR is greater 

512 (habitual reading activities) [40]. It is feasible to think that CR, considering mainly 

513 the educational level as a proxy measurement, has a positive effect on the 

514 behavioral strategies and on the variety of brain mechanisms that make solving 

515 problems effective [58]. Thus, we expected that during the reading of sentences, 

516 the processing of gender agreement would lead to a higher processing cost when 

517 there is a higher WM load than when there is not. The high CR group would show 

518 better behavioral results than the low CR group when processing sentences with a 

519 low WM load. We also think that young people with low CR will base their response 

520 on a strategy where the analysis of semantic information is preferred to resolve the 

521 gender agreement, because this would result in a smaller amplitude of the LAN 

522 effect than that of subjects with high CR. Participants with low CR will also show a 

523 larger amplitude of the P600a effect because they will be forced to compensate for 

524 the poor processing of the previous stage. In the final stage of the agreement 

525 processing, during the P600b window, where the generalized mapping of the 

526 sentence is made and the semantic and syntactic information converges, there will 

527 probably be no differences between the two groups.
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528 Method

529 Participants

530 Participants in Experiment 2 and their classification into the two levels of CR 

531 groups were the same as in Experiment 1.

532

533 Stimuli

534 The task consisted of 160 experimental sentences with seven words each. 

535 Adjective-noun grammatical gender agreement (agree and disagree) and WM load 

536 (high and low) were manipulated. Table 2 shows examples of the sentences 

537 presented to the participants. Forty sentences correspond to the agree / low WM 

538 load condition, where the grammatical gender of the main noun in the sentences 

539 agrees with the gender of the adjective. To build 40 disagree sentences (disagree / 

540 low WM load condition), the grammatical gender of the qualifying adjective that 

541 modifies the main noun of the sentence was manipulated. To build 40 agree 

542 sentences with a high WM load condition (agree / high WM load condition), four 

543 words were embedded between the noun and the adjective. Forty disagree 

544 sentences with a high WM load were also included. Additionally, sixty filler 

545 sentences were added. In these sentences, the number agreement between the 

546 noun and adjective was manipulated. Fifty percent of the filler sentences were 

547 agree sentences, and the remaining were disagree sentences.
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549 Table 2. Examples of sentences for each experimental condition.

WM Load Agreement Example

Agree La casa female roja female está en la colina

Low The red female house female is on the hill

Disagree El edificio male roja female está en la colina

The red female building is on the hill

Agree La casa female que está allá es roja female 

High The house female over there is red female

Disagree El edificio male que está allá es roja female 

The building male over there is red female

Filler sentences Las casas plural amarilla singular están en la colina

The yellow singular houses plural are on the hill

Las casas plural que están allá son amarilla singular

The houses plural over there are yellow singular

550 Note: Nouns and adjectives are typed in bold fonts.

551

552 Grammatical judgment task (reading sentences)

553 Each sentence began with the presentation of an asterisk for a duration of 

554 300 ms at the center of the monitor, and then the sentence appeared word by word 

555 as shown in Fig 4. Each word was presented for 300 ms with an interstimulus 

556 interval of 300 ms. At the end of the sentence, two question marks were presented 

557 for 500 ms, and participants had 1500 ms to indicate whether the sentence did or 

558 did not have correct Spanish grammar using a response box. Pressing one button 
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559 indicated that the sentence was correct, and the other indicated that it was wrong. 

560 The use of buttons was counterbalanced among the participants. The task lasted 

561 approximately 40 min, and as in Experiment 1, the stimuli were delivered by STIM2 

562 software (Compumedic, NeuroScan).

563

564 Fig 4. Time flowchart of the sentence presentation (word by word) for the 

565 grammatical judgment task (reading sentences). Two example sentences 

566 (agree and disagree) in the low WM load condition, where the arrows display the 

567 proximity between noun and adjective. Two example sentences in the high WM 

568 load condition, where the noun is separated from the adjective by four words. The 

569 gray boxes represent the moment where the EEG epoch is taken for the analysis.

570

571

572 ERP acquisition and analysis

573 This experiment followed the same procedure as Experiment 1 regarding 

574 EEG acquisition and preprocessing of the EEG signal. For this grammatical 

575 judgment task, the continuous EEG signals were synchronized to adjective onset (-

576 200 to 1000 ms), and the EEGs were segmented according to the different 

577 experimental conditions (agree / low WM load, disagree / low WM load, agree / 

578 high WM load, disagree / high WM load). The number of segments used to obtain 

579 the ERPs in each experimental condition for both groups was approximately 23. 

580 The percentage of artifact-free segments was 59.8% for low WM loads and 59.1% 

581 for high WM loads in the high CR group and 53.4% and 51.3%, respectively, in the 
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582 low CR group.

583

584 Statistical analysis of the behavioral data.

585 The analysis of the behavioral data was performed similarly to that in 

586 Experiment 1. Two three-way ANOVAs were performed on the transformed 

587 percentage of correct answers and the response times. WM load (high and low) 

588 and Gender agreement (agree and disagree) were used as within-subjects factors, 

589 and CR level (high and low) was used as a between-subjects factor. HSD post hoc 

590 tests were performed for multiple comparisons.

591 A multivariate nonparametric permutation test with 10,000 permutations was 

592 used to analyze the ERP amplitude data. The FDR method and Benjamini-

593 Hochberg correction were used to correct the global p-alpha for multiple 

594 comparisons between experimental conditions.

595 We proceeded first with comparing the agree versus disagree conditions for 

596 each level of WM load and the two groups of participants across all electrode sites 

597 and points of time (whole time epoch). The significant differences between 

598 conditions allowed us to define the time windows for posterior analyses, which 

599 would correspond with the ERP components associated with gender agreement 

600 processing. Second, ERP difference waves were obtained by subtracting the 

601 amplitude values of the whole-epoch ERP to the agree from those to the disagree 

602 condition for each participant. Using independent samples t-tests based on the 

603 permutation technique, a series of analyses was carried out using the mean 

604 amplitude value of the difference wave (i.e., disagree minus agree) for comparing 
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605 between CR groups for each level of WM load at each time window determined by 

606 multivariate permutation analysis. Third, we compared the mean amplitude values 

607 at each time window between WM loads for each CR group (high and low).

608

609 Results

610 Behavioral

611 Fig 5 shows the percentages of correct answers and the average response 

612 times for gender agreement processing in the grammatical judgment task. The high 

613 CR group had a higher percentage of correct answers in all the conditions of the 

614 grammatical judgment task than the low CR group (main effect of Group: F(1,38) = 

615 13.18, p = 0.001, p2 = 0.258).

616 Regarding response time, there was a significant main effect of CR group 

617 (F(1, 38) = 14.85, p < 0.001, p2 = 0.281), which means that young participants 

618 with high CR responded faster than those with low CR independent of the 

619 experimental condition. There was also a significant Gender agreement by CR 

620 Group interaction (F(1, 38) = 7.88, p = 0.008, p2 = 0.172) and Gender agreement 

621 by WM load by CR Group interaction (F(1,38) = 7.008, p = 0.012, p2 = 0.156). The 

622 post hoc tests of the last interaction indicated that the participants with high CR 

623 responded faster than those with low CR in the low WM load condition for the 

624 agree (MD HSD = -99.72, p = 0.002) and disagree conditions (MD HSD = -101.24, p < 

625 0.001); they also responded faster in the high WM load condition for the agree (MD 

626 HSD = -80.05, p = 0.01) and disagree conditions (MD HSD = -145.13, p < 0.001), as 

627 shown in Fig 5.
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628

629

630 Fig 5. Behavioral results in the grammatical judgment task. Percentages of 

631 correct answers (top) and average response times (bottom). The group of 

632 participants with high CR showed a higher percentage of correct answers and 

633 faster response times than those with low CR. Note that young adults with low CR 

634 show longer response times to disagree than agree sentences at the high WM load 

635 condition. * p < 0.05, ** p < 0.01, *** p < 0.001

636

637

638 ERP time windows

639 To determine the time widows where significant differences between agree 

640 and disagree conditions were found, a series of nonparametric permutation 

641 statistical tests was performed for each CR group and WM load.

642 Fig 6a shows the grand averages of the CR groups for each experimental 

643 condition. For each level of WM load, both groups showed significant differences 

644 between agreement conditions at three consecutive time windows, which 

645 correspond to the occurrence of LAN (330 - 380 ms), P600a (520 - 660 ms) and 

646 P600b (700 – 800 ms) effects (high CR low WM load: t max (.05) = -5.464, global p 

647 = 0.003; high CR WM load: t max (.05) = -5.538, global p = 0.0004; low CR low WM 

648 load: t max (.05) = -4.919, global p = 0.028; low CR high WM load: t max (.05) = -

649 5.47, global p = 0.0080).

650
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651 Fig 6. Statistical results of ERP amplitude analyses for the grammatical 

652 judgment task. a) Difference waveforms for the agreement effect (i.e., disagree 

653 minus agree condition) in the high and low CR groups. Negative is plotted up. The 

654 solid gray line represents the high WM load condition and black lines represent the 

655 low WM load condition. Note the left anterior negativity (LAN) effect at the left 

656 frontal electrodes (F3, F7), the P600a effect at the vertex electrode (Cz), and the 

657 P600b effect at the parietal site (Pz) in the high CR group; b) statistical maps of the 

658 agreement effect in the high WM load condition for the LAN and P600a ERP 

659 components; colored dots represent significant (p < 0.05) t-values in the 

660 comparison between groups with different levels of CR; c) statistical maps of 

661 significant t-values for the high CR group for LAN and P600a; comparisons 

662 between WM loads.

663

664 ERP amplitude

665 Difference waves were obtained by subtracting the amplitude values of the 

666 whole-epoch ERP for the disagree condition from those for the agree condition for 

667 each participant. Using independent samples t-tests based on the permutation 

668 technique, a series of analyses was carried out comparing the CR groups using the 

669 mean amplitude value of the difference wave (i.e., disagree minus agree) at each 

670 time window corresponding to LAN, P600a and P600b.

671 First, for each WM load condition, the difference wave of the high CR group 

672 was compared to the difference wave of the low CR group. As shown in Fig 6b, for 

673 high WM loads, the participants with high CR had a greater LAN effect (t max (.05) = 
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674 -2.844, global p = 0.0132, FDR H-B p = 0.0395) over F7, Fc4, C3, C4, T3, T5, Cp3, 

675 Cp4, Cz, Cpz and Tp7. They also showed a greater amplitude of the P600a effect 

676 than those in the low CR group (t max (.05) = 2.594, global p = .0498, FDR H-B p = 

677 0.074) over Cp4 and Cpz. The P600b effect was not significantly different between 

678 the groups (t max (.05) = 2.566, global p = 0.2193, FDR H-B p = 0.2193). At low WM 

679 loads, there were no significant differences between groups in terms of the LAN (t 

680 max (.05) = 2.673, global p = 0.689), P600a (t max (.05) = 2.710, global p = 0.2968) 

681 or P600b effect (t max (.05) = 2.783, global p = 0.1476).

682 Second, the difference wave corresponding to the high WM load condition 

683 was compared to the difference wave to the low WM load condition for each group 

684 of participants separately. Fig 6c shows statistical maps representing such 

685 comparisons. Maps show that the high CR group showed a greater LAN effect for 

686 high WM than for low WM load; t max (.05) = 2.859, global p = 0.0012, FDR H-B p = 

687 0.0036) over C3, F7, T3, Fc3, Tp7 and Ft7. This group also showed a smaller 

688 amplitude of the P600a effect for high WM than for low WM loads (t max (.05) = -

689 2.869, global p = 0.030, FDR H-B p = 0.0450) over posterior sites. There were no 

690 differences between high and low levels of WM load at the P600b time window (t 

691 max (.05) = -2.791, global p = 0.064, FDR H-B p = 0.064). In contrast, the low CR 

692 group displayed no differences between the levels of WM load for the LAN effect (t 

693 max (.05) = 2.738, global p = 0.2278), the P600a effect (t max (.05) = -2.700, global p 

694 = 0.2189) or the P600b effect (t max (.05) = -2.622, global p = 0.4349).
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696 Discussion

697 Young participants with high CR showed better performance than the group 

698 with low CR in terms of the percentage of correct answers and response times 

699 across experimental conditions in the grammatical judgment task. Regardless of 

700 WM load, but in accordance with our expectations, a higher cognitive reserve 

701 allows individuals to have more efficiently process grammatical gender agreement 

702 during sentence reading. This finding can be supported by previous studies 

703 showing a beneficial effect of CR on the reading abilities of healthy older adult 

704 performance [40,57].

705 Regarding the brain response pattern, young people with high CR showed a 

706 greater amplitude of the LAN effect than the participants with low CR in the high 

707 WM load condition. This finding supports the idea that CR has a positive effect 

708 from the first stage of processing of gender agreement, as was suggested in a 

709 previous study, where ERP amplitudes of healthy older adults were compared with 

710 those of young adults processing gender agreement [41]. Older adults who showed 

711 age-related subtle signs of cognitive decline displayed unsuccessful 

712 morphosyntactic processing (reflected by the LAN effect). Thus, if a 

713 morphosyntactic analysis [43,44,59] that interacts with WM [60] is given at the first 

714 stage of the gender agreement process, then increasing the cognitive demand by 

715 increasing the WM load [61] results in a higher cost of processing and a decrease 

716 in the amplitude of the LAN effect in young people with low CR, which influences 

717 the later consecutive stages of processing. In this sense, at the early phase of 

718 P600, probably related to a processing stage in which the adjective is integrated 
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719 into the sentence representation [43,44], young people with low CR must try to 

720 compensate and complete the unsuccessful previous stage of processing. The low 

721 CR participants in this group probably showed this pattern mainly at high WM loads 

722 because they displayed a smaller amplitude of the P600a effect than those with 

723 high CR. Although this result does not fully support our hypotheses, it does 

724 suggest that during this stage, the cost of processing is much greater and the 

725 integration of the arguments is likely inadequate. This pattern of brain response 

726 agrees with the results observed when comparing older versus younger adults [41].

727 With regard to neural efficiency, the effect of low CR on gender agreement 

728 during sentence processing would be observed as a modulation of the amplitude 

729 that depends on WM load [9]. In contrast to this hypothesis, our results showed 

730 that the participants with high CR had greater amplitude changes as the WM load 

731 increased. This modulation was observed from the first steps of grammatical 

732 gender processing. However, even this finding could fit with the idea of neural 

733 inefficiency in young people with low CR, especially since such a pattern of brain 

734 responses, i.e., no amplitude changes with an increase in WM load, is associated 

735 with poor behavioral performance and evidence of much greater processing costs 

736 during the reading of sentences. In this sense, given that there were no amplitude 

737 differences in the P600b effect in any of the two groups when the two levels of WM 

738 load were compared, this finding could probably show that young people with low 

739 CR have to reach the last step of gender processing (using syntactic and semantic 

740 information) to carry out sentence reanalysis and thus employ more resources, 

741 similar to previous results where young and older adults were compared [41].
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742 In summary, a low CR, associated with worse behavioral performance and a 

743 higher cost of processing in the grammatical gender agreement, can be related to 

744 a lower amplitude modulation of the brain response as the WM load increases. 

745 Thus, a higher CR can be associated with a more efficient brain response for 

746 sentence processing. An important limitation of this study was not having 

747 measured the reading ability of the participants. This variable could bias the 

748 results.

749

750 General discussion

751 In the present study, behavioral performance and brain response were 

752 analyzed in two cognitive tasks involving fluid intelligence (working memory) and 

753 crystallized processes (grammatical gender agreement) between two groups of 

754 young people with different levels of CR. In agreement with our hypothesis, young 

755 people with high CR showed better behavioral performance in both tasks than 

756 young people with low CR. This improvement effect, probably induced by CR, on 

757 persons without any evidence of pathology is consistent with previous studies in 

758 healthy older adults [9,55–57] and in a wide variety of studies regarding 

759 populations with various pathologies [29,30]. Consequently, differences in the brain 

760 response pattern between groups with different cognitive reserve levels in both 

761 tasks could be interpreted as a function of brain response efficiency [45]. Thus, we 

762 expected that the brain electrical response pattern of young people with high CR 

763 would reflect a processing that is less vulnerable to the complexity of the task than 

764 that of young people with low CR, previously proposed as neural efficiency [9]. 
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765 Regardless of the type of processing (fluid or crystallized), we think that this 

766 positive effect of CR would be observed in the performance of young people for 

767 both tasks. There is evidence from neuroimaging studies of greater neural 

768 efficiency in cognitively normal adults, such that people with high CR show less 

769 task-related activation as a function of increasing task load than people with lower 

770 CR [62].

771 Our results for both experiments showed a modulation of ERP amplitude by 

772 WM load on the performance of the young participants that was dependent on the 

773 CR level. Similar to what was found in ERP studies using Sternberg-type tasks 

774 [6,9], the low CR group, which was associated with a less efficient performance in 

775 both tasks, tended to show a wider distribution of amplitude changes modulated by 

776 WM load than those from the high CR group. The P300 latency modulation pattern 

777 found supported both our findings and those from previous studies [9]. In contrast, 

778 the results of the grammatical judgment task showed that participants with high CR 

779 had greater amplitude modulation as a function of WM load. This apparent 

780 contrasting result could be interpreted following the same logic regarding 

781 efficiency. A low CR does not modulate the LAN and P600a amplitudes as the WM 

782 load increases because both WM loads were equally demanding, generating an 

783 equally high cost of processing. That is, the low WM load was as costly as the high 

784 WM load for the brain responses of subjects with low CR. Our study could suggest 

785 that young participants with higher CR have better performance and show greater 

786 modulation in the brain response or greater cerebral flexibility. In this way and in 

787 accordance with the CR hypothesis [17,63], the results of this study could suggest 

788 that high CR results in the implementation of more-efficient neural networks for the 
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789 resolution of tasks regardless of the type of processing involved in the execution of 

790 the task (fluid or crystallized intelligence).

791 Research on cognitive reserve has mainly focused on the evaluation of older 

792 adults and people with cognitive impairment [55,64,65]. The results of this study 

793 support the fact that CR is a malleable entity whose level at any stage of life is 

794 dependent on the sum of the experiences. This accumulation of experiences gives 

795 the possibility of increasing CR and consequently improving cognitive performance.

796 Two questions remain to be investigated regarding cognitive reserve. First, 

797 which cognitive reserve factors are most important, and which of their interactions 

798 contribute to the dynamic processes underlying cognitive/brain development 

799 throughout life? What are the more important proxy measures for cognitive 

800 reserve, and what can be learned about their beneficial effects?. One of the most-

801 used proxy measures for evaluating CR has been schooling or years of education. 

802 In a systematic review of cognitive reserve and its effects on pathological 

803 populations, it was shown that in most studies with positive results, the main 

804 variable that contributes to building the cognitive reserve is educational level [30]. It 

805 should be noted that the years of education for older adults seems to be 

806 crystallized, and it maintains its effect throughout their lives. Although older adults 

807 have completed their formal studies many years ago, the cognitive reserve has a 

808 protective effect. The late-life relations between education and cognitive 

809 performance reflect the persistence of education-cognition relations that have 

810 existed since earlier adulthood [58]. Thus, our results could show the effects of 

811 cognitive reserve in early adulthood.
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812 It has been demonstrated that young and older adults differ in terms of the 

813 relationship between brain activity and years of education during a memory task 

814 [66]. Increased frontal activity is observed in the less educated young and has 

815 been correlated with poor recognition memory. The more educated young adults 

816 and those with better memory performance engaged posterior brain regions. 

817 Meanwhile, older adults seem to have separate networks related to education and 

818 memory performance, with frontal and lateral temporal regions related to more 

819 education but not to performance.

820

821 Conclusion

822 This work provides evidence that cognitive reserve has an effect on other 

823 stages of human development in addition to older age. Cognitive reserve can play 

824 a modulating role in the performance of cognitive tasks of both fluid and crystalized 

825 intelligence processes.
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