












 15 

 301 

 302 

Figure 3. A. Scalp topographical distribution of C1, P1, N1, N1b, and P2 unscaled amplitude 303 
differences (in μV) from baseline to postintervention assessments 1 (2-4 min after prolonged visual 304 
stimulation), 2 (6-8 min), 3 (30-32 min), and 4 (54-56 min). B. Scalp topographical distribution of C1, 305 
P1, N1, N1b, and P2 amplitudes at baseline and each of the postintervention assessments 1-4.   306 
 307 

When testing for modulation effects across all timepoints of the VEP at the first 308 

postintervention assessment after prolonged visual stimulation, significant changes at 309 

latencies of 54.7-128.9 ms, 138.7-234.4 ms, and 257.8-375.0 ms were observed 310 

(Fig. 2). Correspondingly, experience-dependent VEP modulation was apparent as 311 

amplitude changes from baseline to the first postintervention assessment for both the 312 

C1 (d = 0.53, rr = 0.70),  P1 (d = 0.66, rr = 0.76),  N1 (d = -0.27, rr = 0.62), N1b (d = -313 

0.66, rr = 0.77), but not P2 (p = 0.1, rr = 0.53) components, with highly similar effects 314 

for both the C1 (d = 0.43, rr = 0.67), P1 (d = 0.55, rr = 0.72), N1 (d = -0.26, rr = 0.61), 315 

N1b (d = -0.71, rr = 0.77) and the P2 (p = 0.1, rr = 0.54) components at the 316 

immediately following second postintervention assessment. Some, but not all, 317 

changes after prolonged visual stimulation were retained at the third and fourth 318 

postintervention assessments. The C1 component retained modulation at the third (d 319 

= 0.20, rr = 0.58), and tendentially at the fourth (d = 0.16, p = 0.001, rr = 0.56) 320 
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postintervention assessment. The P1 component did not retain modulation at the 321 

third (p = 0.38, rr = 0.54), nor at the fourth (p = 0.22, rr = 0.48) postintervention 322 

assessment. The N1 component retained modulation at the third (d = -0.17, rr = 323 

0.60), and fourth (d = -0.21, rr = 0.66) postintervention assessment. The N1b 324 

component retained modulation at both the third (d = -0.53, rr = 0.75), and the fourth 325 

(d = -0.38, rr = 0.68) postintervention assessment. Finally, the P2 component gained 326 

modulation at the third (d = 0.30, rr = 0.65) and the fourth (d = 0.54, rr = 0.75) 327 

postintervention assessment (Table 3, Fig. 4).  328 

 329 

 330 

Figure 4. Distributions of amplitude differences (in µV) between baseline and postintervention 331 
assessments post 1 (2-4 min after prolonged visual stimulation), post 2 (6-8 min), post 3 (30-32 min), 332 
and post 4 (54-56 min), for VEP components C1, P1, N1, N1b, and P2 (n = 415). 333 
 334 

−10

0

10

Post 1 Post 2 Post 3 Post 4

C1

−20
−10

0
10

Post 1 Post 2 Post 3 Post 4

P1

−30
−20
−10

0
10
20

Post 1 Post 2 Post 3 Post 4

N1

−20
−10

0
10

Post 1 Post 2 Post 3 Post 4

N1b

−20

−10

0

10

Post 1 Post 2 Post 3 Post 4

P2

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 28, 2020. ; https://doi.org/10.1101/2020.01.27.916692doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.916692
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

The P1-N1 composite exhibited significant modulation at the first (d = 0.70, rr = 0.80), 335 

second (d = 0.60, rr = 0.78), and third (d = 0.19, rr = 0.61), but not the last (d = 0.14, 336 

rr = 0.60) postintervention assessment.  337 

 338 

 339 

Figure 5. Component amplitudes at separate checkerboard stimulation blocks, normalized to the first 340 
block, with error bars showing standard error of measurement. Asterisks denote significant (p < 341 
0.0009) amplitude change within assessments (i.e. from pre 1 to pre 2, from post 1 to post 2, from 342 
post 3 to post 4, from post 5 to post 6, and from post 7 to post 8). Int.: Intervention block.  343 
 344 

There were also differences between component amplitudes within assessments 345 

(Fig. 5), with significant changes from the first to the second baseline block for 346 

components P1 (d = 0.21), N1 (d = -0.39), N1b (d = -0.28), and P2 (d = 0.17), from 347 

the first to the second postintervention block for components C1 (d = 0.18), N1 (d = 348 

0.24), and from the seventh to the eighth postintervention block for components C1 349 

(d = 0.24), P1 (d =  0.31), N1 (d = -0.19), and N1b (d = -0.35). These effects were 350 

* ** * * ** * * ** * **

0

1

2

3

Pr
e 

1

Pr
e 

2

In
t.

Po
st 

1

Po
st 

2

Po
st 

3

Po
st 

4

Po
st 

5

Po
st 

6

Po
st 

7

Po
st 

8

no
rm

. µ
V

Component
C1
P1
N1
N1b
P2

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 28, 2020. ; https://doi.org/10.1101/2020.01.27.916692doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.916692
http://creativecommons.org/licenses/by-nc-nd/4.0/


 18 

weaker than effects of the prolonged visual stimulation for components C1 (p = 1.2 x 351 

10-9), P1 (p = 4.3 x 10-14), N1 (p = 2.4 x 10-4), and N1b (p= 1.1 x 10-15), but not P2 (p 352 

= 0.66).  353 

 354 

Figure 6. Changes in total power in frequencies 10-120, before to after prolonged visual stimulation, 355 
given as t-scores for each pixel, within significant clusters. 356 
 357 

The time-frequency analysis exploring the main effect of prolonged visual stimulation 358 

yielded five significant clusters (Fig. 6). Results from analyses across assessments 359 

using individual participants' values averaged within clusters are presented in Table 360 

4. Notably, these revealed that only the first cluster exhibited modulation at all 361 

postintervention assessments, including the first (d = -0.48, rr = 0.65), second (d = -362 

0.60, r = 0.72), third (d = -0.44, rr = 0.66), and fourth (d = -0.33, rr = 0.65). This 363 

cluster was centered around ~30 Hz and ~70 ms post-stimulus, and the power 364 

reduction after prolonged visual stimulation was well modeled (R2 = 0.31) by power 365 

changes in a corresponding induced cluster (t = 7.22, p = 2.7 x 10-12), C1 modulation 366 

(t = -6.57,  p = 1.7 x 10-10), and P1 modulation (t = 6.43, p = 3.8 x 10-10).  367 
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Correlations across assessments for baseline to postintervention modulation effects 369 

were moderate, ranging from Spearman's r = [0.47, 0.69] for C1, r = [0.39, 0.67] for 370 

P1, r = [0.42, 0.62] for N1, r = [0.44, 0.66] for N1b, and r = [0.47, 0.60] for the P2 371 

component (Fig. 7). All correlations above and including r = 0.17 remained significant 372 

after multiple comparison correction. 373 

 374 

Figure 7. Spearman’s r correlations between modulations of VEP components C1, P1, N1, N1b, and 375 
P2 at postintervention assessments 1-4.  376 
 377 

The regression model for P1 modulation (R2 =  0.15), revealed effects of age (t =  378 

5.26, p = 1.6 x 10-7) and sex (t = 3.91, p = 9.7 x 10-5), with greater modulation for 379 

older participants and female participants, respectively. The regression model for P2 380 

modulation (R2 = 0.09) also showed an increased difference from baseline to 381 

postintervention blocks for female participants (t = 5.08, p = 4.3 x 10-7). The 382 
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regression model for C1 modulation (R2 = 0.11) revealed an interaction effect of age 383 

and time (t = 4.35, p = 1.5 x 10-5), indicating that while the postintervention 384 

modulation for younger participants vane throughout the experiment, this is less the 385 

case for older participants. The regression model for the major time-frequency 386 

component (R2 = 0.03) revealed an effect of age (t = -4.56, p = 5.7 x 10-6). 387 

Regression models for N1 (R2 = 0.04) and N1b (R2 = 0.07) modulation did not 388 

provide evidence for effects of age, sex, intervention block alpha power, or 389 

intervention steady state power. Finally, for the attentional task, we only obtained hit 390 

rate data for 45.8% of participants, due to error in the gaming controller. Thus, we 391 

performed a set of control analyses to ensure that the participants for which 392 

attentional data was not obtained did not differ from the participants for which 393 

attentional data was obtained. These showed that there was no difference between 394 

these groups in P1, N1, N1b, or P2 modulation, but only a nominal difference in C1 395 

modulation (p = 0.04), and that clear VEPs were evoked for 96% of participants for 396 

which attentional data was not obtained. Among participants for which attentional 397 

data was obtained, the mean hit rate was 98.4%. Together, these results indicate 398 

overall satisfying levels of attention.  399 

 400 

  401 
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Discussion 402 

The current study yielded four main findings. First, we demonstrate robust 403 

experience-dependent modulation of the visual evoked potential in a large sample of 404 

healthy volunteers (n = 415). Second, the retention of this modulation effect over time 405 

varied across VEP components, strongly suggesting that VEP modulation is not a 406 

unitary phenomenon and likely involves several different plasticity mechanisms. 407 

Third, age and sex emerged as significantly associated with some, but not all, 408 

quantifications of VEP modulation, while electrophysiological indices of attention 409 

appeared unrelated to the degree of modulation. Finally, we identify the N1b 410 

component as the most sensitive quantification of both early (2-4 min post-411 

intervention) and late (54-56 min post-intervention) VEP modulation. 412 

 413 

Experience-dependent modulation of visual evoked potentials. At the first and second 414 

postintervention assessments, respectively 2 and 6 minutes after prolonged visual 415 

stimulation, moderate to strong modulation was observed in VEP components C1, 416 

P1, N1, and N1b, as well as in the composite P1-N1. Such experience-dependent 417 

modulations have previously been shown to share many characteristics with LTP, 418 

such as NMDAR-dependence (Frenkel et al., 2006), post-synaptic AMPAR insertion 419 

dependence (Frenkel et al., 2006), and stimulus specificity (McNair et al., 2006; Ross 420 

et al., 2008), and have therefore been regarded as indices of LTP-like cortical 421 

synaptic plasticity. We have shown that the quantifications of VEP modulation that 422 

have previously been described in the literature – modulations of the C1, P1, N1, and 423 

N1b components – coincide with the latencies at which the post-stimulus VEP 424 

exhibited modulation after prolonged visual stimulation in the present study. 425 

 426 
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Time-frequency analyses also revealed differences in total power at several latencies 427 

and frequencies, of which only one cluster (~70 ms and ~30 Hz) exhibited effects of 428 

prolonged visual stimulation that were comparable to effects seen on time domain 429 

VEP components. Since these time-frequency modulations were independent of time 430 

domain VEP modulations at comparable latencies, they might reflect neural 431 

dynamics to which time domain VEP modulations are not sensitive. 432 

 433 

Experience-dependent VEP modulation: retention slopes and correlations. We 434 

observed differential response patterns between quantifications of VEP modulation, 435 

indicating differences in underlying mechanisms. Retention at the third and fourth 436 

postintervention assessments, i.e., ~30-32 and ~54-56 minutes after prolonged visual 437 

stimulation, was observed for components C1, N1, and N1b. The retention of C1, N1 438 

and N1b modulation at 30 and 54 minutes postintervention is consistent with LTP-like 439 

synaptic processes as underlying mechanisms, since this duration goes beyond the 440 

usual decay of presynaptic short-term potentiation (Citri & Malenka, 2008; Regehr, 441 

2012). Spearman correlations around 0.42-0.52 between C1, N1, and N1b 442 

modulations at 2 and 54-56 minutes postintervention suggest a connection between 443 

early and later modulation effects, which has been established for most forms of 444 

synaptic plasticity (Citri & Malenka, 2008), further corroborating the claim that C1, 445 

N1, and N1b modulations reflect LTP-like cortical plasticity. 446 

 447 

With a sharp voltage increase in the intervention block and subsequent return to near 448 

baseline in the first two postintervention assessments, and renewed amplitude 449 

increases in the third and last postintervention assessments (Fig. 4; Fig. 5), the 450 

response pattern for the P2 component, similar to what has been observed 451 
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previously (Forsyth, Bachman, Mathalon, Roach, & Asarnow, 2015; Forsyth et al., 452 

2017), constitutes a clear exception, and appears inconsistent with NMDAR-453 

dependent LTP, which exhibits a gradual decay (Citri & Malenka, 2008). Along the 454 

same lines, the P2 component appears to lack input specificity (Sumner et al., 2018). 455 

Thus, the effect of time on P2 amplitudes might seem to require some other 456 

mechanism than LTP-like synaptic plasticity. On the other hand, the retention slope 457 

of P1 is consistent with synaptic plasticity as underlying mechanism, although with a 458 

complete decay between 6 and 30 minutes after prolonged visual stimulation, P1 459 

modulation might reflect some short-term plasticity such as post-tetanic potentiation 460 

(Citri & Malenka, 2008). 461 

 462 

Age and sex modulation of some, but not all, VEP components. Linear regression 463 

showed a positive main effect of age on P1 modulation, and a positive interaction 464 

effect between age and time after intervention for C1 modulation, but no effects of 465 

age on modulation of either the N1, N1b or the P2 components. These results are in 466 

line with a previous demonstration of robust VEP modulation among older individuals 467 

(de Gobbi-Porto et al., 2015), but seem to contrast with the lack of N1b modulation 468 

previously observed in older participants (Spriggs et al., 2017), and with the more 469 

general decline in neural plasticity associated with aging (Burke & Barnes, 2006). 470 

Further, regression models demonstrated larger P1 modulation, and larger increase 471 

in P2 amplitudes, among female participants, a result that – like the effects of age – 472 

was independent of baseline amplitudes. Together, these results underscore the 473 

need to differentiate between VEP components, and to control for demographic 474 

variables like age and sex, especially in case-control studies of VEP modulation. 475 

 476 
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Linear regression models for the effects of age, sex, intervention block alpha power 477 

and steady state power on the modulation of components C1, P1, N1, N1b, and P2 478 

revealed no effects of attentional proxies on any of the quantifications of VEP 479 

modulation, suggesting that participants were sufficiently attentive to the prolonged 480 

visual stimulation for VEP modulation to occur. However, in a previous study of VEP 481 

modulation using 8.7 Hz visual stimulation (Çavuş et al., 2012), intervention block 482 

steady state power was associated with N1b modulation in healthy controls. Although 483 

neural entrainment to visual flickering can occur at frequencies between 1 and at 484 

least 50 Hz, the sensitivity at frequencies around the alpha band is higher than at 2 485 

Hz (Herrmann, 2001), such that our 2 Hz prolonged visual stimulation may have 486 

been too slow for significant entrainment to occur. 487 

 488 

Robust and enduring modulation of component N1b. Our quantifications of VEP 489 

modulation seem to be relatively specific in that they exhibit distinct effects, retention 490 

slopes and associations with age and sex. Modulation of the N1b component after 491 

prolonged visual stimulation was overall the strongest effect. Effect size differences, 492 

relatively high correlations, and comparable associations with age and sex between 493 

components N1 and N1b suggest that N1b operationalizations might be preferable, 494 

at least under conditions similar to those present in this study. Although some 495 

observed effects of time might have been caused by other experimental 496 

characteristics than the prolonged visual stimulation, the N1b component has 497 

repeatedly been shown to increase in amplitude with high frequency visual 498 

stimulation, and not without (Teyler et al., 2005), and not with visual stimulation of a 499 

different orientation (Ross et al., 2008) or spatial frequency (McNair et al., 2006), 500 
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supporting the notion that at least N1b modulation is due to the high frequency or 501 

prolonged visual stimulation.  502 

 503 

Possible influence of postintervention blocks on retention. In the present study we 504 

observed modulation of components P1, N1, N1b, and P2 even between blocks of 505 

short duration checkerboard stimulation. Thus, there is reason to question whether 506 

the retention, especially for components N1 and N1b which exhibit long duration 507 

modulation, could have been increased by the postintervention stimulus blocks. 508 

Postintervention blocks have been shown to decrease retention of N1b modulation 509 

(Teyler et al., 2005), but with frequency differences between intervention and 510 

postintervention blocks that were greater than in the present study, so some 511 

influence in favor of retention cannot be ruled out with the present data. 512 

 513 

Conclusion. The results of the current study show robust modulation after prolonged 514 

visual stimulation of VEP components C1, P1, N1, and N1b, as well as of ~30 Hz 515 

power at ~70 ms post-stimulus. Moreover, we observed differential retention slopes, 516 

effect sizes, and associations to age and sex for the modulation of VEP components, 517 

strongly suggesting that VEP modulation is not a unitary phenomenon. Taken 518 

together with results from a series of invasive studies in rodents, our current results 519 

support the use of prolonged visual stimulation induced VEP modulation, and 520 

especially N1b modulation, as a robust, non-invasive index of LTP-like cortical 521 

plasticity in humans.   522 
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Tables 666 
 667 
Table 1: Overview of VEP modulation studies 668 
 669 

Author, yeara Nb Intervention Modulationc 

Teyler et al., 2005 6 2 min 9 Hz checkerboard N1b¯ 
McNair et al., 2006 10 2 min 8.6 Hz grating N1b¯ 

Normann et al., 2007 32 10 min 2 Hz checkerboard C1­, P1­, N1¯ 
Ross et al., 2008 18 2 min 8.6 Hz grating N1b¯ 

Çavuş et al., 2012 41 2 min 8.87 Hz checkerboard C1¯, N1b¯ 
Elvsåshagen et al., 2012 66 10 min 2 Hz checkerboard P1­, N1¯ 

Forsyth et al., 2015 65 2 min 8.87 Hz checkerboard C1­, P2­ 
de Gobbi-Porto et al., 2015 17 2 min 9 Hz checkerboard N1b¯ 

Klöppel et al., 2015 37 10 min 2 Hz checkerboard C1­, P1­ 
Smallwood et al., 2015 21 2 min 8.6 Hz grating N1b¯ 

Forsyth et al., 2017 45 2 min 8.87 Hz checkerboard C1­, P2­ 
Jahsan et al., 2017 64 2 min 8.87 Hz checkerboard N1b¯, P2­ 
Spriggs et al., 2017 49 2 min 8.6 Hz grating N1b¯, P2a­ 
Spriggs et al., 2018 40 2 min 9 Hz grating C1¯, N1­, P2­ 
Sumner et al., 2018 20 2 min 9 Hz grating P2­ 

Zak et al., 2018 58 10 min 2 Hz checkerboard C1­, P1­, N1¯ 
Abuleil et al., 2019 47 2 min 9 Hz checkerboard P1¯, N1b¯ 

Spriggs et al., 2019 28 2 min 8.6 Hz grating N1b¯ 
Wynn et al., 2019 65 4 min of 10 Hz grating, on/off 5s P1¯, N1b­, P2­ 

Table of studies using high frequency or prolonged visual stimulation to manipulate visual 670 
evoked potentials in humans.a Details in references. b Results for some participants may have 671 
been reported in more than one paper. c Due to differing methods of analysis between 672 
studies, the exact nature of the modulated components can vary, and due to differences in 673 
statistical analysis between studies, the probability of actual modulation having been 674 
observed can also vary. Arrows denote direction of change pre-post intervention in the 675 
amplitude of a component (e.g. an upward arrow for a component that is negative at baseline 676 
means that the component became less negative or even positive after intervention).  677 
 678 
 679 
 680 
 681 
 682 
 683 
 684 
Table 2: VEP component amplitudes and latencies at baseline 685 
 686 
Component Latency (ms) Amplitude (µV) 

C1 66.6±0.51 -3.91±0.24 
P1 99.0±0.41 8.42±0.30 
N1 140.3±0.81 -5.92±0.24 

N1b NA -1.65±0.20 
P2 NA 1.41±0.17 

Table of VEP component amplitudes and latencies at baseline, measured at the occiput (Oz) 687 
with anterior reference (AFz). NA: not applicable.  688 
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 689 
Table 3: VEP component modulation after prolonged visual stimulation 690 
 691 

  C1 P1 N1 N1b P2 
Post 1 

(2-4 
min) 

d 0.53 0.66 -0.27 -0.66 0.08 
rr 0.70 0.76 0.62 0.77 0.53 
p  <5*10-5 <5*10-5 <5*10-5 <5*10-5 0.10 
-log(p) 23.1 33.7 7.1 33.7 1 

Post 2 
(6-8 
min) 

d 0.44 0.55 -0.26 -0.71 0.08 
rr 0.67 0.72 0.61 0.77 0.54 
p <5*10-5 <5*10-5 <5*10-5 <5*10-5 0.10 
-log(p) 16.9 24.6 6.8 37.8 1 

Post 3 
(30-32 

min) 

d 0.20 0.04 -0.17 -0.53 0.30 
rr 0.58 0.54 0.60 0.75 0.65 
p <5*10-5 0.38 0.0003 <5*10-5 <5*10-5 
-log(p) 4.16 0.4 3.2 23.0 8.9 

Post 4 
(54-56 

min) 

d 0.16 -0.06 -0.21 -0.38 0.54 
rr 0.56 0.48 0.66 0.68 0.75 
p 0.001 0.22 <5*10-5 <5*10-5 <5*10-5 
-log(p) 2.9 0.7 4.8 12.9 24.3 

 
Table of VEP component modulation after prolonged visual stimulation. d: Cohen's d, rr: 692 
response rate, p: p-value after 20000 permutations, -log(p): negative decimal logarithm of t-693 
test p-value (for illustration, not all modulations are normally distributed).  694 
 695 
Table 4: Cluster power modulation after prolonged visual stimulation 696 
 697 

  A1 A2 A3 A4 A5 I1 
Post 1 

(2-4 
min) 

d -0.48 0.19 -0.19 0.17 -0.16 -0.34 
rr 0.65 0.56 0.58 0.59 0.54 0.62 
p  <5*10-5 0.0001 0.0001 0.0004 0.001 <5*10-5 
-log(p*) 19.9 4.1 4.2 3.4 3.0 11.0 

Post 2 
(6-8 
min) 

d -0.60 0.35 -0.09 0.06 -0.16 -0.41 
rr 0.72 0.62 0.53 0.53 0.56 0.65 
p <5*10-5 <5*10-5 0.06 0.23 0.0001 <5*10-5 
-log(p*) 28.5 11.1 1.2 0.64 2.9 15.2 

Post 3 
(30-32 

min) 

d -0.44 0.09 -0.20 -0.36 -0.12 -0.30 
rr 0.66 0.53 0.55 0.65 0.55 0.61 
p <5*10-5 0.056 5*10-5 <5*10-5 0.015 <5*10-5 
-log(p*) 17.2 1.3 4.1  11.7 1.8 8.7 

Post 4 
(54-56 

min) 

d -0.33 0.15 -0.18 -0.28 -0.17 -0.18 
rr 0.65 0.57 0.59 0.62 0.55 0.57 
p <5*10-5 0.003 0.0001 <5*10-5 0.001 0.0004 
-log(p*) 10.4 2.5 3.7 7.8 3.1 3.4 

 
Table of cluster power modulations after prolonged visual stimulation. d: Cohen's d, rr: 698 
response rate, p: p-value after 20000 permutations, -log(p): negative decimal logarithm of t-699 
test p-value (for illustration, not all potentiations are normally distributed), A1-5: Cluster 700 
absolute power, I1: Induced power in the first cluster. 701 
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