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across sessions. Thus, for the range of tasks used, test–retest 
reliability and criterion validity of performance during scan-
ning were satisfactory. Further, the pattern of between-task 
relations did not change within the scanner, attesting to the 
construct validity of performance measurements during 
scanning. In some tasks, however, RTs obtained from fMRI 
conditions were significantly shorter than those observed 
under normal laboratory conditions. In summary, RTs 
obtained during fMRI scanning appear to be largely reliable 
and valid measures of behavior. The observed RT speed-up 
during scanning might reflect task-specific interactions with 
a slightly different neuro-cognitive state, indicating some 
limits to generalizing brain–behavior relations observed 
with fMRI. These findings encourage further efforts in 
fMRI research to establish the external validity of within-
scanner task performance.

Keywords  fMRI · Scanner effects on performance ·  
Test–retest reliability · Validity · Stress

Introduction

It is often assumed that participants in neuroimaging experi-
ments act “normally” (i.e., validly) and reliably (Koch et al. 
2003). More specifically, brain–behavior relations observed 
during functional magnetic resonance imaging (fMRI) are 
usually taken to be comparable to brain–behavior relations 
assumed for traditional laboratory conditions or observed 
using different imaging modalities such as electroencepha-
lography. Ultimately, this assumption is not testable because 
it is not possible to scan the brain without a scanner. Nev-
ertheless, it is very well possible to compare the behavior 
of an individual in- and outside the scanner. Behavioral 
differences that arise from differences in environmental 
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conditions may indirectly reflect differential brain activity. 
To our knowledge, only two studies have so far investigated 
the effects of fMRI scanning on behavioral measures such 
as reaction time (RT). Both studies reported significant  
group mean RT differences between inside- and outside-
scanner conditions (Koch et al. 2003; Assecondi et al. 
2010). In contrast, group mean RT obtained from separate 
scanner sessions in the same individuals does not seem to 
differ for adults (Aron et al. 2006; Clément and Belleville 
2009; Fernández et al. 2003; Fliessbach et al. 2010; Kiehl 
and Liddle 2003; Manoach et al. 2001; Stark et al. 2004; 
Wagner et al. 2005) or children (Krinzinger et al. 2011). In 
addition, several studies reported medium-to-high correla-
tions between RTs recorded during separate scanning ses-
sions (Aron et al. 2006; Fliessbach et al. 2010; Manoach  
et al. 2001; Stark et al. 2004).

So far it remains unclear whether and how individual 
differences in behavior are changed by the fMRI scanning 
process. The lack of research in this field is rather remark-
able, because data acquisition and environmental conditions 
in the scanner are quite different from typical laboratory set-
tings. For instance, most fMRI experiments are interrupted 
by regularly occurring pauses (resting-baseline conditions 
in block-design experiments or randomly occurring pauses, 
better known as null events, in event-related designs). 
Beside procedural differences between outside-scanner 
(“laboratory”) experiments and fMRI experiments, large 
environmental and situational differences exist as well.

The scanner is a very loud and vibrant tool that offers only 
little space and limited comfort. Furthermore, for most par-
ticipants, lying in a scanner is not the most everyday thing to 
do, and the uniqueness of the scanning procedure is empha-
sized by the safety measures taken to protect participants 
and personnel. As such it is an even more alien environment  
than the typical “noise-shielded, dimly lit” laboratory  
chamber in which behavioral data are often collected. 
Finally, participants are usually instructed to lie very still, 
with their heads being fixated using foam cushions or bite 
bars. All these variables influence the state of the participant 
and can potentially cause stress. This, in turn, may modulate 
brain and behavioral responses to the task at hand, which 
would challenge the assumption of equality between task-
related brain processes in- and outside the scanner, under-
mining the generalizability of brain–behavior relationships 
studied with fMRI, referred to as external validity (Hommel 
et al. 2012).

The results of this experiment might be especially rel-
evant to scientists using fMRI to uncover neural correlates 
of trait-like inter-individual differences (e.g., differences in 
personality, intelligence, expertise, clinical symptoms, or 
age). Of particular interest for such studies is test–retest reli-
ability as well as criterion and construct validity of behav-
ioral data obtained during scanning. Within this context, 

test–retest reliability is given when individual differences in 
RT are conserved across separate fMRI sessions. Criterion 
validity is demonstrated when RTs obtained during scan-
ning are closely correlated with an accepted gold standard, 
that is, with RTs obtained outside the scanner. Construct 
validity is given when the relations among the dependent 
variables under study are preserved during scanning. Of 
general importance, finally, is the question of external valid-
ity, that is, the generalizability of the findings. In our con-
text, external validity is given when mean RT is not changed 
by the scanning process itself.

Methods

Participants

The sample consisted of 30 male volunteers (mean 
age = 28.6 years, SD = 9.8) without a history of any psy-
chiatric or neurological disorders, recruited for a previous 
genetic study (Koten et al. 2009) using an extended twin 
family design. Thus, performance during fMRI scanning 
has previously been analyzed in a genetic context, while 
performance in the outside-scanner condition has not been 
analyzed yet.

Our sample deviated from typical ad hoc or random sam-
ples in that it consisted of 10 family “triplets” comprising 
a twin pair and an additional sibling each, which may have 
reduced the range of inter-individual differences, as com-
pared with a sample of completely unrelated participants. 
This potential range narrowing, in turn, would have biased 
our across-subject correlational analyses toward underesti-
mating the true effects, thereby making these analyses only 
more rigorous. The study was approved by the local eth-
ics committee (Comissie Mensgebonden Onderzoek Regio 
Arnhem-Nijmegen, the Netherlands), and all participants 
gave their written informed consent before entering the 
study.

Tasks and procedure

The following five tasks were presented outside and inside 
the scanner (for a more detailed task description, see Koten 
et al. 2009):

1.	 Simple object categorization (CAT): Participants had 
to categorize visually presented objects into one of two 
object categories (fruits/vegetables vs. tools/kitchen 
utensils) via pressing one of two buttons (with their left 
or right index finger). A set of 48 stimuli was used for 
this task.

2.	 Arithmetic verification (ARITH). Participants had to ver-
ify visually presented one-digit addition or subtraction  
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problems via pressing one of two buttons (with their left 
or right index finger) for a correct or false result. A set 
of 48 stimuli was used for this task.

3.	 Working memory (DTC4, DTM2 and DTM4; modified 
from the Multidimensional Aptitude Battery (Jackson  
1984; see also Vernon 1989). All three tasks were 
delayed-matching-to-sample tasks with a filled delay 
consisting of three phases: encoding, retention with dis-
traction, and recognition. The three tasks differed in two 
aspects: First, the delay of the DTC4 task was occupied 
by the previously described CAT task, while the delays 
of both the DTM2 and the DTM4 task were occupied 
by the previously described ARITH task. Second, in the 
DTM2 task, two digits were to be retained, whereas in 
both the DTM4 and the DTC4 task, four digits were to 
be retained. In all tasks, participants had to verify after 
the delay phase if a newly presented digit was part of 
the previously presented two- or four-digit set. Every 
version of the working-memory task consisted of 32 
reproductions of an experimental cycle.

Both the laboratory and fMRI experiments were designed 
in a way that is typical of these settings. That is, in contrast 
to the outside-scanner session, the experiments in the fMRI 
sessions were interspersed with regular pauses to allow 
hemodynamic activity to return to resting-baseline levels. 
The experimental protocol for the outside-scanner session 
consisted of the five tasks described above, which were 
presented in three blocks, each block separated by 5-min 
breaks. One block consisted of the three working-memory 
tasks presented in a nonstop fashion, while the other two 
blocks consisted of the CAT or ARITH task, respectively. 
Block and item order was randomized across participants. 
For the two inside-scanner sessions, experiments were iden-
tical to the ones described above, but blocks of trials were 
separated by regular pauses and preceded by instructions 
that lasted 14.4 s each (for details, see Koten et al. 2009). 
Further, the pseudo-randomized block and item order was 
identical for each participant.

All participants started with the laboratory (i.e., outside-
scanner) session followed by two fMRI scanning sessions. 
The three sessions took place on the same day. The pause 
between the outside-scanner session and the first scanner 
session was approximately 1  hour, while the two scanner 
sessions were separated by 2 hours. Task and item order was 
identical for the two fMRI sessions.

The fixed order of measurement conditions (outside-
scanner session always first) was chosen to prevent differen-
tial sequence effects on the two fMRI sessions, which might 
have affected the reliability and heritability estimation for 
task-related brain activity (cf. Koten et al. 2009). To mini-
mize inter-session learning, we incorporated a practice ses-
sion before the first experimental session. There, the same 

tasks with different stimuli were presented for 15 min each, 
during which each participant reached high proficiency (i.e., 
error rate <5 % in the last 20 trials of each task’s practice 
session).

In all three sessions, the experiment was run using the 
software Presentation (www.neurobs.com) on standard PCs. 
In the outside-scanner session, stimuli were presented on a 
laptop PC with a 16″ flat screen; responses were given by 
pressing the left or right shift key on the laptop keyboard 
with the left or right index finger, respectively. In the inside-
scanner sessions, stimuli were projected onto a large white 
screen attached to the head end of the scanner. Participants 
viewed the screen via a prism mounted on the head coil; 
responses were given by pressing either of two separate but-
tons of an MR-compatible response device using the left or 
right index finger.

Data analysis

Only correct responses were taken into account. In addi-
tion, responses faster than 250 ms were not considered as 
well as responses that took longer than three times the indi-
vidual standard deviation above the individual mean RT 
of the respective task and condition. Extremely short RTs 
were considered to reflect premature (i.e., anticipatory) but-
ton presses, while extremely long RTs were considered to 
reflect temporary task disengagement (i.e., invalid non-task 
processing due to, e.g., mind wandering). Subsequently, 
valid RTs were averaged using the arithmetic mean and con-
sidered for further statistical analysis using SPSS.

Test–retest reliability and criterion validity were assessed 
by calculating intra-class correlations (ICCs) using the con-
servative absolute agreement criterion, in which the time 
and participant components were treated as random fac-
tors (McGraw and Wong 1996). ICCs test the hypothesis 
that the absolute performance level as well as its covariance 
structure do not differ between experimental conditions. We 
consider this an important assumption to be fulfilled when 
the external validity of a within-scanner performance meas-
ure is evaluated. In principle, large differences in absolute 
agreement between outside- and inside-scanner perfor-
mance might seriously undermine the assumption that the 
same cognitive functions are measured, questioning the 
external validity of fMRI experiments.

Construct validity was assessed with a repeated-measures  
analysis of variance (ANOVA), testing for an interac-
tion between task type and session (outside vs. inside the 
scanner). Finally, external validity was explicitly assessed 
(apart from using the aforementioned strict ICC approach) 
by the same ANOVA, testing for the main effect of session. 
Additionally, we used paired t tests to examine whether sig-
nificant differences in mean RT existed between measure-
ments in- and outside the scanner for all the three possible 

http://www.neurobs.com
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combinations (outside scanner with scanner run A; outside 
scanner with scanner run B; scanner run A with scanner run 
B) for all five experiments. Since the three working-memory  
experiments included a distraction task to fill the delay, 
they yielded two performance measures each (i.e., for the 
primary and secondary task), leading to a total 3 × 8 = 24 
t tests. As we expected to find no differences between  
outside- and inside-scanner sessions, p-values were not cor-
rected for multiple comparisons. This made the analyses 
more conservative, since it raised the chance to detect unde-
sirable differences, that is, to falsify our prediction. Finally, 
supplementary analyses examined the time course of RT in 
each experiment for the outside-scanner condition to test 
for any remaining learning effects that might have occurred 
despite the preceding practice sessions (see Supplementary 
Material for details).

Results and discussion

Group-level statistics for mean RT are given in Table 1 (for 
other parameters of intra-individual RT distributions, see 
Table S1 in the Supplementary Material). The grand aver-
age analysis across all tasks revealed high ICCs (coefficient 
range = 0.79–0.91) between the three sessions, suggesting 
that individual RT differences were conserved irrespec-
tive of the measurement condition under study. The latter 
was also the case when individual RT experiments were 
assessed for their reliability and criterion validity (ICC 
range = 0.69–0.91) except for the CAT task, which showed 
poorer reliability in all conditions (ICC range = 0.42–0.64). 
This reduced reliability is probably due to the small inter-
individual variability, as reflected by the low SD values (see 
Table 1). Overall, these data suggest that RT obtained during 
scanning shows sufficient test–retest reliability (correlation 
between the two fMRI sessions) and criterion validity (cor-
relation between the outside-scanner session and the first 
fMRI session).

Group mean RTs are shown in Fig.  1. The ANOVA 
yielded a significant effect of session [F(1, 29)  =  10.61, 
p = 0.003] and task [F(7, 203) = 110.03, p < 0.001] but 
no significant interaction between them [F(7, 203) = 1.16)]. 
The absence of this interaction indicates that relations 
among the tasks were not changed by the scanning process, 
attesting to the construct validity of RT measurements inside 
the scanner. The main effect of session revealed that speed 
increased in the fMRI session (cf. grand means in Table 1). 
A supplementary ANOVA including RT raw data (without 
outlier removal) yielded the same result (for details, see 
supplementary results and discussion as well as Table S1). 
Subsequent paired samples t tests showed that the global 
speed increase from outside- to first inside-scanner session 
was driven by 5 out of 8 individual tasks (cf. Table 1 and 

Fig. 1). In contrast, when comparing the first with the sec-
ond fMRI session, no significant global difference emerged 
(F = 1.57). Such a stability of mean RT over scanner ses-
sions was also observed in previous studies with adults 
(Aron et al. 2006; Clément and Belleville 2009; Fernández 
et al. 2003; Fliessbach et al. 2010; Kiehl and Liddle 2003; 
Manoach et al. 2001; Stark et al. 2004; Wagner et al. 2005) 
and children (Krinzinger et al. 2011).

To examine a potential change of the speed–accuracy 
trade-off from outside- to inside-scanner sessions, we ana-
lyzed different measures of performance accuracy. Trials 
with anticipatory, extremely slow, or missing responses 
were generally very rare and therefore not further analyzed, 
with group mean percentages ranging across tasks and 
sessions from 0 to 0.3 % for anticipatory responses; from 
0.6 to 2.1 % for extremely delayed responses; and from 0 
to 1.9  % for missing responses (see supplementary Table 
S2). Errors (i.e., wrong button presses) occurred somewhat 
more frequently, with group mean error rates ranging across 
tasks from 1.5 to 7.8 % during the outside-scanner session; 
from 3.1 to 6.3  % during the first inside-scanner session; 
and from 2.2 to 5.7  % during the second inside-scanner 
session (see Table S2). A repeated-measures ANOVA of 
arcsine-transformed error rate yielded no significant main 
effect of session [F(1, 29) = 2.19] but a significant effect 
of task [F(7, 203)  =  10.44, p  <  0.001] and a significant 
session ×  task interaction [F(7, 203) = 3.93, p = 0.001]. 
Subsequent paired samples t tests showed that this interac-
tion was driven by a significant decrease in error rate from 
outside- to first inside-scanner session for one task [CAT: 
t(29) = 4.46, p < 0.001] and a significant increase for two 
tasks [DTC4_2: t(29)  =  −  2.21, p  =  0.035; DTM2_2: 
t(29) = − 2.15, p = 0.040]. Taken together, accuracy was 
not generally affected by the scanning situation but showed 
some minor yet inconsistent changes, which rules out a 
global explanation of (task-specific) RT improvements dur-
ing scanning based on shifts of the speed–accuracy criterion.

In summary, RT was rather stable across the two sepa-
rate scanner sessions. There was, however, a global though 
not completely consistent increase in speed from the out-
side-scanner condition to the first inside-scanner condition. 
Together with previous studies that reported a significant 
decrease in speed (Koch et al. 2003; Assecondi et al. 2010), 
our data demonstrate that mean RT can significantly change 
in the fMRI scanner. Although the direction of change 
appears to depend on the specific task under study, the 
available evidence undermines the external validity of RT 
measures collected during fMRI scanning, given that results 
obtained under “normal” laboratory conditions constitute 
the accepted gold standard. However, since the direction 
of change does not seem to be systematic across different 
tasks and studies (Koch et al. 2003; Assecondi et al. 2010; 
Hommel et al. 2012; Chouinard et al. 2008), more research 
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Table 1   Within- and between-session performance measures for each task (1 outside- and 2 inside-scanner sessions)

This table reports reaction time (RT) mean, standard deviation, median, and skewness per task and session. Next, p-values from paired t tests 
comparing mean RT in the first and last half of each task (“ΔRT split half”) in the outside-scanner condition are given. Finally, intra-class cor-
relation (ICC) coefficients and p-values from paired t tests comparing mean RT between experimental conditions are given. The grand mean 
represents average values across all 8 tasks

Task abbreviations modified after the Multidimensional Aptitude Battery (Jackson 1984): CAT object categorization, ARITH arithmetic verifica-
tion, DTC4-2/3 2nd (secondary task)/3rd (primary task) phase of the 4-digit memory task using object categorization as secondary task, DTM2-
2/3 2nd (secondary task)/3rd (primary task) phase of the 2-digit memory task using arithmetic verification as secondary task, and DTM4-2/3 2nd 
(secondary task)/3rd (primary task) phase of the 4-digit memory task using arithmetic verification as secondary task

* Significant at p < 0.05
a   Skewness deviates significantly from 0 (i.e., skewness/SEskewness > 2)

Task/session Within-session measures Between-session measures

Reaction time (ms) ΔRT
split half

ICC ΔRT(p-value)

M SD Md Skew p-value Outside Inside 1 Outside Inside 1

CAT

Outside 801 142 805 0.10 0.76

Inside 1 774 110 775 0.52 0.63 0.179

Inside 2 712 115 684 0.37 0.43 0.42 <0.001* 0.007*

ARITH

Outside 1,091 242 1,006 0.30 0.38

Inside 1 1,027 227 1,004 0.34 0.85 0.006*

Inside 2 997 245 944 0.44 0.79 0.87 <0.001* 0.171

DTC4-2

Outside 789 177 735 0.79 0.27

Inside 1 734 157 718 1.04§ 0.77 0.008*

Inside 2 696 135 669 0.40 0.62 0.69 <0.001* 0.073

DTC4-3

Outside 817 225 698 0.75 0.85

Inside 1 784 218 680 0.62 0.90 0.073

Inside 2 772 212 720 0.65 0.83 0.91 0.046* 0.470

DTM2-2

Outside 1,145 239 1,118 0.28 0.55

Inside 1 1,088 255 999 0.44 0.81 0.041*

Inside 2 1,068 242 1,050 0.11 0.75 0.87 0.013* 0.395

DTM2-3

Outside 731 181 667 0.67 0.69

Inside 1 683 179 662 0.64 0.76 0.035*

Inside 2 684 195 647 0.61 0.61 0.79 0.123 0.968

DTM4-2

Outside 1,139 251 1,091 0.29 0.23

Inside 1 1,065 235 1,000 0.47 0.81 0.005*

Inside 2 1,049 227 1,042 0.18 0.70 0.84 0.007* 0.517

DTM4-3

Outside 810 218 716 0.94a 0.17

Inside 1 785 204 712 0.69 0.87 0.209

Inside 2 786 217 785 0.26 0.74 0.87 0.403 0.978

Grand Mean

Outside 915 190 553 0.64 0.29

Inside 1 867 181 524 0.66 0.88 0.003*

Inside 2 845 182 514 0.25 0.74 0.86 0.004* 0.219
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is needed to generalize this conclusion. This is all the more 
important, because earlier findings were based on rather 
small or, as in the present case, male-only samples.

Although future studies are required to systematically 
examine and disentangle the factors driving these scanning-
related performance changes, we will briefly discuss some 
potential mechanisms. A mechanism that may come to mind 
first, despite the countermeasures taken, is learning/practice: 
Since we were unable to randomize or counterbalance the 
order of measurement conditions (i.e., the outside-scanner  
session always came first), it might be assumed that the 
between-session performance change was a consequence of 
increased proficiency acquired over sessions. In search of 
evidence for this assumption, we looked for speed changes 
over the course of each outside-scanner condition, based 
on the notion that, according to the power law of practice 
(Newell and Rosenbloom 1981), learning-induced changes 
should become most evident early during practice. The 
mean time courses, however, were remarkably stable across 
the outside-scanner session (see supplementary results and 
Figure S1). This absence of within-session improvements 
(which also held true for both inside-scanner sessions; cf. 
Figure S2) argues against learning as the major mechanism 
underlying between-session differences, but of course, it 
does not completely rule out the possibility that between-
session consolidation contributed to the observed improve-
ments. Finally, the between-task variability in performance 
change across sessions also makes an explanation based on 
inside–outside hardware differences unlikely, given the high 
similarity of the tasks’ perceptual and motor demands.

In our view, the performance differences between meas-
urement environments point to a role of the scanner-specific 
situation (see Hommel et al. 2012, for a similar view). As 
mentioned above, there are several differences between the 

standard laboratory and the scanner environment that may 
affect the functional state of the participant. Factors such as 
noise, vibration, narrowness, and movement restrictions can 
act as stressors (Hockey 1984), and a slight stress-induced 
increase in arousal during the scanner sessions might have 
beneficial effects on performance by enhancing the availa-
bility of attentional resources and/or decreasing the demand 
for effortful compensatory arousal regulation (Fischer  
et al. 2008). Also, performance impairments arising from a 
depletion of attentional resources, mind wandering, or both 
over time (Langner et al. 2010; Langner and Eickhoff 2012) 
might have been mitigated by the regular breaks (i.e., rest-
ing-baseline blocks) implemented in the fMRI-specific task 
schedules. Finally, cognitive task performance in the fMRI 
scanner could have benefitted from the lying position of the 
participants, because posture control, on which less demand 
is put during lying than sitting, can interfere with cognitive 
processing (Chong et al. 2010; Harley et al. 2006).

As a result, it appears desirable that, whenever pos-
sible, performance should be measured while brain activ-
ity is being acquired in the scanner, rather than correlating 
task-related brain activity with performance in the same 
task measured outside the scanner. Otherwise, true brain–
behavior relationships could be underestimated in tasks 
in which performance is affected by the scanning proce-
dure. Conversely, relationships between brain activity and 
behavioral or subjective measures taken outside the scan-
ner could also be overestimated when these measures share 
variance with any effect of the scanner-specific situation on 
brain activity. The concurrent measurement of performance 
and brain activity does not, however, solve the problem of 
reduced external validity arising from potential fMRI scan-
ning effects on performance and—by extrapolation—on 
brain activity. This also implies that comparisons between 

Fig. 1   Group mean reaction 
time (RT) for all tasks and 
sessions. Grand mean repre-
sents mean RT averaged across 
all eight tasks. Significant 
(p < 0.05) RT reductions from 
outside- to inside-scanner ses-
sions are marked by an asterisk 
(*). T1 = outside-scanner 
session; T2/T3 = first/second 
inside-scanner session. For a list 
of task abbreviations, please see 
Table 1
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brain–behavior relationships observed using different imag-
ing modalities non-concurrently (i.e., in separate sessions) 
should only be made with caution. Therefore, the exter-
nal validity of within-scanner performance measurements 
should be tested on a more regular basis in fMRI research. 
Ultimately, beyond the issue of external validity with respect 
to the gold standard “laboratory task,” there is an increasing 
need to examine—and potentially improve—the ecological 
validity of fMRI experiments to gain further insights into 
how the brain works in real life (Snow et al. 2011).

Conclusion

Overall, our results, derived from five different cognitive 
tasks yielding eight measures of speeded performance, indi-
cate that speeded behavior observed during fMRI scanning 
can be sufficiently reliable for the meaningful statistical anal-
ysis of individual differences. In addition, inter-individual  
differences in response speed as well as inter-task relations 
remained remarkably well conserved when inside- and  
outside-scanner conditions were compared. Scanning-
related increases in response speed, however, suggest that 
behavior in the scanner is not always quite the same as com-
pared with standard laboratory conditions but may reflect 
enhanced task engagement. We conclude that RTs obtained 
during fMRI scanning can be used for reliable and valid 
inferences on brain–behavior relations. However, external 
validity may be weakened by the additive impact of situa-
tion-specific factors of the fMRI environment, which might 
induce a somewhat different neuro-cognitive state. There-
fore, combining on-line performance measurement during 
scanning with an additional outside-scanner measurement 
(i.e., the accepted gold standard) appears to be the opti-
mal approach for examining generalizable brain–behavior 
relationships.
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