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Pilot Expertise and Hippocampal Size: Associations with 
Longitudinal Flight Simulator Performance

MAHEEN M. ADAMSON, PETER J. BAYLEY, BLAKE K. SCANLON, MICHELLE E. FARRELL, 
BEATRIZ HERNANDEZ, MICHAEL W. WEINER, JEROME A. YESAVAGE, JOY L. TAYLOR
War Related Illness and Injury Study Center (WRIISC) and the Sierra-Pacific MIRECC, Veterans 
Affairs, Palo Alto Health Care System, Palo Alto, CA; Psychiatry and Behavioral Sciences, 
Stanford School of Medicine, Stanford, CA; the University of California, San Francisco, CA; and 
the DVA Medical Center, San Francisco, CA.

Abstract

Background—Previous research suggests that the size of the hippocampus can vary in response 

to intensive training (e.g., during the acquisition of expert knowledge). However, the role of the 

hippocampus in maintenance of skilled performance is not well understood. The Stanford/Veterans 

Affairs Aviation MRI Study offers a unique opportunity to observe the interaction of brain 

structure and multiple levels of expertise on longitudinal flight simulator performance.

Methods—The current study examined the relationship between hippocampal volume and three 

levels of aviation expertise, defined by pilot proficiency ratings issued by the U.S. Federal 

Aviation Administration (11). At 3 annual time points, 60 pilots who varied in their level of 

aviation expertise (ages ranging from 45 to 69 yr) were tested.

Results—At baseline, higher expertise was associated with better flight simulator performance, 

but not with hippocampal volume. Longitudinally, there was an Expertise × Hippocampal volume 

interaction, in the direction that a larger hippocampus was associated with better performance at 

higher levels of expertise.

Discussion—These results are consistent with the notion that expertise in a cognitively 

demanding domain involves the interplay of acquired knowledge (‘mental schemas’) and basic 

hippocampal-dependent processes.
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THE HIPPOCAMPUS IS part of a system of anatomically related structures in the medial 

temporal lobe (MTL) that supports the capacity for long-term memory (24). The MTL is 
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critical for learning (i.e., encoding) and retrieval of long-term memory for facts and events 

(24). As a whole, the hippocampus and surrounding MTL are vital for this “declarative” or 

“explicit” form of memory, but is not thought to be involved in other forms of 

“nondeclarative” or “implicit” long-term memory such as habit learning or simple forms of 

conditioning (24). In short, the hippocampus helps encode and retain conscious experiences.

It has been suggested that hippocampal volume can vary as a result of intensive training such 

as during acquisition of expert knowledge (17). Evidence for differences in hippocampal 

volume associated with acquired expertise has come primarily from cross-sectional studies 

comparing novices and experts. For example, studies have reported differences in 

hippocampal volume between taxi drivers and controls (21). These findings have been 

interpreted in terms of the critical role of the hippocampus in spatial memory and 

navigation. In addition, several longitudinal studies have suggested a more causative link 

between structural and functional changes in the hippocampus and extensive training in 

domains such as music (16), architecture (18), persuasive communication (19), and juggling 

(5). To date, only one functional neuroimaging study of expertise acquisition has been 

reported: after 2 wk of intensive music training, an enhancement in hippocampal activation 

to the temporal novelty of sounds was found (16). Taken together, these studies suggest that 

measurable changes may occur in the hippocampus as a result of intensive training.

In the present study, we investigated the role of hippocampal volume in maintaining skilled 

performance. Although we examined the association between hippocampal volume and 

expertise, as has been done in previous studies such as in taxi drivers, our main aim was to 

examine the roles of hippocampal volume and aviation expertise in maintaining skilled 

performance as measured by annual flight simulator testing. We characterized aviation 

expertise in terms of the proficiency ratings that pilots acquire through formal training and 

certification (26). This measure of expertise is akin to the construct of deliberate practice, 

which emphasizes intensive engagement in activities that are designed to master specific 

goals in a particular skill (10).

Subjects were enrollees of the Stanford/Veterans Affairs (VA) Aviation MRI Study, which is 

also examining the influences of the apolipoprotein E (APOE) gene, the major genetic 

susceptibility factor for late-onset Alzheimer’ s disease (AD). The ε4 allele of APOE is 

associated with increased risk for the development of AD dementia at an earlier age of onset 

(1). Other isoforms of APOE are considered to be neutral (APOE ε3) or protective (APOE 

ε2) for developing AD. APOE ε4 has also been associated with a reduced hippocampal 

volume in some longitudinal studies of cognitively normal older adults and in patients with 

early AD, but not in our sample of pilots (3).

Expert motor skills are typically associated with brain regions, including the striatum, 

cerebellum, basal ganglia, prefrontal cortex, and parietal lobes (3). For instance, Adamson et 

al. (3) observed a significant interaction between expertise and parietal cortex volume, such 

that parietal gray matter was positively associated with performance in expert aviators. This 

study reported on the relationship between aviation expertise and brain volume on baseline 

flight simulator performance (3). The results suggest that brain structure plus knowledge 

interact to support skilled performance. To systematically tease apart the major independent 
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variables and moderator effects in the present study, we follow the procedures outlined in 

Adamson et al. (3). In essence, moderators help identify in whom—in this case, experts or 

novices—brain structure is more important in subserving performance.

In assessing longitudinal flight simulator performance, we strove to minimize practice 

effects by familiarizing pilots with the flight simulator scenario prior to their annual testing. 

Performance was highest at baseline, on average, and then declined over time (25). We 

tested the main effects as well as the interaction of expertise and hippocampal size in 

mitigating decline in complex skilled performance. In secondary analyses we tested main 

effects and interactions between expertise and volumes of other brain structures, including 

the cerebellum, basal ganglia, prefrontal, and parietal cortex. Thus, the main hypothesis 

tested in the present study was: aviation expertise will moderate the impact of hippocampal 

volume on change in flight simulator performance measured across three annual tests.

METHODS

Subjects

A total of 60 general aviation pilots (11 women and 49 men; 55 white) were studied (see 

Table I for demographics according to the three aviation expertise levels). Enrollment 

criteria for MRI study inclusion were: age 45 or older, current FAA medical certificate, and 

currently flying. Each participant was classified into one of three levels of aviation expertise 

(least, moderate, and most expertise). The three levels of expertise were defined in terms of 

the FAA-issued pilot proficiency ratings that pilots had attained prior to entering the study: 

1) least expert (VFR – rated for flying under visual conditions, which restricts a pilot to 

flying only in good visibility conditions. VFR is the rating given to pilots when they first 

obtain a license.); 2) moderate expertise (IFR – instrument rated, which allows a pilot to fly 

in poorer visibility conditions using navigational instruments); and 3) most expert 

(CFII/ATP – pilots were certified flight instructors of pilots in training for IFR, or they had 

also become certified to fly air transport planes. Major airline captains and other 

professional pilots have the ATP rating). Each rating requires progressively more advanced 

training and more hours of flight experience (26).

MRI study subjects were selectively recruited from the ongoing longitudinal Stanford/VA 

Aviation Study so that approximately 50% of MRI subjects were APOE ε4 carriers (ε3/4 or 

ε4/4) and 50% were ε3/3 [for details on genotyping methods, see Adamson et al. (2)]. 

Informed consent, approved by the Stanford University and VA Palo Alto Health Care 

System Institutional Review Boards, was obtained from each participant. At baseline and 

each annual follow-up visit, pilots reported total number of flight hours accumulated to date.

Equipment

Pilots “flew” in a Frasca 141 flight simulator (Urbana, IL). The simulator was linked to a 

computer specialized for graphics (Dell Precision Workstation with a Fedora Linux 

Operating system, OpenGL C + + software specially customized for a high-end NVIDIA 

graphics processor) that generated a “through-the-window” visual environment and 

continuously collected data concerning the aircraft’s position and communication 
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frequencies (see http://www.stanford.edu/people/yesavage/AIR.html). This system simulated 

flying a small single-engine aircraft with fixed landing gear and fixed propeller above flat 

terrain with surrounding mountains and clear skies. A cockpit speaker system was used to 

present prerecorded audio messages that simulated an air-traffic controller speaking to the 

pilot.

Procedures

Prior to longitudinal data collection, subjects had six practice flights in the simulator to gain 

familiarity with the flight scenario used throughout the study. Subjects typically completed 

their practice flights during a 1- to 3-wk period, after which they had a 3-wk break before 

returning for the baseline visit. At the baseline and the two annual follow-up visits, subjects 

flew a 75-min flight in the morning and a 75-min flight in the afternoon. Each fight was 

followed by a 40- to 60-min battery of cognitive tests. The entire test day lasted 

approximately 6 h, including a 40- to 60-min lunch break. The flight scenario was based on 

our previous studies (3,26). The scoring system of the flight simulator-computer system 

produces 23 variables that measure deviations from ideal positions or assigned values (e.g., 

altitude in feet, heading in degrees, airspeed in knots), or reaction time (in seconds). Because 

these individual variables have different units of measurement, the raw scores for each 

variable were converted to z-scores, using the baseline visit mean and SD of the 141 

Aviation Study subjects enrolled during 1996 – 2001 (scores on the morning and afternoon 

flights were averaged). Flight simulator performance was measured as a single composite z-

score (28).

MRI data were acquired on a 1.5-Tesla (GE Medical Systems, Milwaukee, WI) MRI 

scanner. A 3D spoiled GRASS MRI of the entire brain was acquired using a standard head 

coil, TR/TE = 9/2 ms, 15° flip angle, perpendicular to the long axis of the hippocampus 

[1.00 × 1.00 mm2 in plane resolution, 1.5-mm coronal slices, no skip; for details, see 

Adamson et al.(3)]. The average time lag between the baseline simulator visit and the MRI 

scan was 3.85 yr (SD = 3.0 yr) because funding for MRIs was obtained after the longitudinal 

simulator study was underway. The time lag was not significantly correlated with other 

demographic variables, including age at the baseline simulator visit (r = −0.18, P = 0.17). 

Also, there was no significant correlation of the time lag with the primary outcome variable, 

longitudinal change in flight simulator performance (r = 0.02, P = 0.87).

MRI analyses were performed by Dr. Weiner’s lab at UCSF. Cortical reconstruction and 

volumetric segmentation were performed with the Freesurfer image analysis suite (v. 4.5, 

http://surfer.nmr.mgh.harvard.edu/). The technical details of Freesurfer are described in prior 

publications (12). Hippocampal voluming was done using a commercial high-dimensional 

brain-mapping tool [Medtronic Surgical Navigation Technologies (SNT), Louisville, CO; for 

details of these procedures, see Adamson et al. (3)]. Total intracranial volume (TIV) equaled 

the sum of all segmented tissue inside the skull (excluding cerebellum and including fluid). 

TIV (1711.8 ± 177.3 cc) correlated strongly with whole brain volume (r = 0.80) and was 

used for normalization of hippocampus, whole brain, and lobar volumes.
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Statistical Analysis

The primary longitudinal outcome was average rate of change per year (slope score) in 

overall flight simulator performance (28). Slope scores were computed separately for each 

participant by regressing the three flight summary scores on the subject’ s age at each annual 

simulator test. All analyses were performed in SAS (Version 9.1.3, Cary, NC). To test the 

main hypothesis that aviation expertise moderates the impact of hippocampal volume on 

longitudinal flight simulator performance, a multiple regression model was fitted to test the 

main effects of hippocampal volume, expertise, and their interaction (SAS PROC GLM). 

Other terms in the GLM were the intercept estimate, age, baseline flight simulator 

performance, APOE ε4 carrier status, and Expertise × APOE ε4 carrier status in line with 

our previous work on APOE ε4 (2,25,26). Expertise was centered [−1 for least expertise 

(VFR), 0 for moderate expertise, 1 for most expertise (CFII/ATP)] and APOE ε4 was coded 

as −0.5 or ± 0.5. Age was a continuous covariate centered at the median age at time of 

baseline simulator visit (56.85 yr).

The influence of potentially confounding demographic variables and a few outlying flight 

scores were of concern. As reported in the Results, aviation expertise and education were 

positively correlated, even though years of education beyond 20 yr were truncated at 20. 

Also, there were no women in the expert group. Therefore, education and gender were 

included in a stepwise regression model. To address outliers, we truncated any flight 

component scores that were more than 3 SDs from the group mean and recalculated the 

baseline and slope scores (3). The stepwise analysis reported used these truncated scores. All 

calculated P-values were two-sided. Some of these correlations among age, aviation 

expertise, education, brain volumes, and baseline performance measures have been reported 

previously on fewer numbers of subjects (2,3).

RESULTS

Table I summarizes the characteristics of the subjects at entry grouped by expertise level. In 

terms of expertise, there were differences among the groups in hours of flight experience, 

age, and years of education. Specifically, each successive level of expertise was associated 

with more hours of total flight experience, as would be expected, overall [F(2, 57) = 23.86, P 
< 0.0001]. There was an association between education and aviation expertise [F(2, 57) = 

3.33, P = 0.043]. Apart from hours of flight experience and education, there were no 

significant differences among the expertise groups in the remaining demographic measures 

(see Table I for means and SDs).

In order for aviation expertise to moderate hippocampal size on rate-of-change in flight 

simulator performance, expertise and hippocampal volume should not correlate. This 

correlation was not significant (r = 0.09, P = 0.50), indicating that pilots with the most 

expertise did not have larger hippocampi than pilots with lesser expertise. Also, expertise did 

not diminish the impact of age on hippocampal volume (Expertise × Age interaction: F < 1).

With this condition satisfied, we proceeded to test the main hypothesis by conducting the 

multiple regression analysis described in the Methods. There were no significant main 

effects of expertise [F(1, 52) = 2.72, P = 0.105], age [F(1, 52) = 2.30, P = 0.136], or APOE 
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ε4 status [F < 1]; nor was there a significant main effect of hippocampal volume [F(1, 52) = 

1.43, P = 0.238] on average rate of change per year (slope score) in overall flight simulator 

performance. There was a significant main effect of baseline flight simulator performance 

[F(1, 52) = 4.95, P = 0.031].

The predicted interaction between expertise and hippocampal volume was observed [F(1, 

52) = 6.48, P = 0.014, ES = 0.33 (see Table II for β parameter estimates)]. Post hoc multiple 

regression analyses showed that the interaction was primarily driven by differences between 

moderate vs. least expertise pilots (P < 0.05). The Expertise × APOE ε4 interaction 

approached significance [F(1, 52) = 3.84, P = 0.055, ES = 0.25].1

Fig. 1 provides a scatter plot of rate of change in simulator performance and hippocampal 

volume in the three expertise groups. The most expert pilots tended to have less longitudinal 

decline in flight simulator performance (average rate of decline = −0.019 ± 0.12 per year); 

within the expert group larger hippocampal volume was associated with better performance 

over time, although this was not significant (r = 0.35, P > 0.1). This is in contrast to the least 

expert pilots, who tended to have a steeper decline in performance over time (average rate of 

decline = −0.067 ± 0.23 per year) and a nonsignificant negative relationship with 

hippocampal volume (r = −0.35, P > 0.1). Pilots with intermediate expertise were in between 

the two expertise levels with no apparent relationship with hippocampal volume (r = −0.16, 

P > 0.1).

In light of the overlapping influences of aviation expertise and accumulated hours, we 

performed a stepwise regression in which all main effects, interactions of interest 

(Hippocampal volume × Expertise and Expertise × APOE ε4), accumulated hours, and 

potentially confounding demographic variables were entered into the model (Table III). 

There were two significant predictors. The first was Expertise × Hippocampal volume [F(2, 

57) = 5.27; P = 0.03; partial R2 = 0.074], followed by Expertise × APOE ε4 [F(2, 57) = 

4.80; P = 0.033; partial R2 = 0.072]. Therefore, longitudinal flight simulator performance 

was predicted by the Expertise × Hippocampal volume interaction. None of the other brain 

regions (or their interaction with Expertise) predicted longitudinal flight simulator 

performance (P > 0.1).

Analyses of component scores for longitudinal simulator performance revealed a significant 

Expertise × Hippocampal volume interaction (β = 0.378, SE = 0.160, P = 0.022) and a 

significant Expertise × APOE ε4 interaction (β = 0.293, SE = 0.133, P = 0.032) in the 

approach component of the flight. Traffic avoidance showed the strongest main effect of 

hippocampal volume (β = −0.171, SE = 0.082, P = 0.042), such that smaller hippocampal 

volume was associated with improved performance with repeated testing.

DISCUSSION

We sought to identify the contributions of aviation expertise and hippocampal volume on 

change in flight simulator performance measured across three annual tests. We did not find 

that expert pilots had larger hippocampal volumes on average, although previous studies 

have reported increases in hippocampal subvolumes and gray matter density associated with 

ADAMSON et al. Page 6

Aviat Space Environ Med. Author manuscript; available in PMC 2020 May 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intensive training or expert knowledge. As hypothesized, we found that aviation expertise 

moderated the impact of hippocampal volume on change in flight simulator performance. 

Specifically, the Expertise × Hippocampal volume interaction was in the direction that a 

larger hippocampus was associated with better maintenance of performance at a higher level 

of expertise. Finally, larger hippocampal volume was not associated with better maintenance 

of performance in the sample as a whole, as there was not a main effect of hippocampal 

volume on longitudinal performance. Taken together, these findings suggest complex 

relationships among hippocampal volume, expertise, and performance.

The hippocampus has a well-established role in the formation and consolidation of memory 

and our finding emphasizes the importance of memory processes in the flight simulator task. 

The hippocampus is critical for the formation of declarative memory, which refers to the 

conscious recollection of both facts and events (24). Declarative memory includes many 

memory processes, including associative memory, in which previously unrelated information 

is bound together (15), and spatial memory (21). The hippocampus is also critical for the 

consolidation of new declarative memories into long-term storage. Through a gradual 

process of consolidation and reorganization, connections among cortical regions are thought 

to be progressively strengthened until the cortical memory eventually becomes independent 

of the hippocampus. The importance of memory processes in the flight simulator task is also 

consistent with our earlier cross-sectional findings (3) that simulator performance was best 

among expert pilots, especially expert pilots with larger parietal lobe volume. The parietal 

lobe has been implicated in many aspects of declarative memory, including spatial working 

memory (20), episodic memory and retrieval (6), and consolidation into long-term memory 

(22).

How might the hippocampus be related to the maintenance of flight simulator performance 

in our group of expert pilots? One obvious answer is that the declarative memory functions 

supported by the hippocampus are critical for acquiring and/or maintaining expert flying 

skills. Cross-sectional studies have identified a relationship between expertise and 

hippocampal volume. Maguire and coworkers have extensively documented posterior 

hippocampal enlargement in London taxi drivers (21). These results were attributed to 

processes involved in learning, representing and using spatial representations of a highly 

complex and large-scale environment. Another cross-sectional study recently showed 

increased hippocampal size in expert musicians (14). More convincing evidence for 

hippocampal change is provided by a longitudinal study showing learning-associated 

increases in the hippocampus in a group of medical students following intensive study for 

examinations (8). These processes may be more efficient in the expert group of pilots than in 

the less expert groups of pilots. It was notable, however, that the groups of pilots did not 

differ on standard measures of learning and memory (such as the auditory verbal learning 

test, which measures declarative memory function).

Research on experts’ memories for stimuli relevant to their domain (e.g., chess pieces 

arranged as in an actual game) has led to the concept that experts more efficiently encode 

domain-relevant information in the form of “chunks” (13). Aviation communications (e.g., 

navigational headings and altitudes) are part of a domain-specific language that has been 

acquired through flight training and experience. In this context, expert pilots are able to read 
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back and execute navigational headings and altitudes more accurately than less highly 

trained pilots or nonpilots (28). Advanced training in the use of navigational instruments and 

greater experience with ATC clearances may engender a more accurate mental 

representation of an assigned heading and altitude, possibly as both auditory and 

visuospatial representations in memory. Results from our experiment showed that the high 

expertise group of pilots consistently performed better than the lower expertise groups on the 

landing approach component of the flight simulator task (it was this component of the flight 

simulator task that accounted for the majority of the difference between the more and less 

highly trained pilots over the three annual tests). The landing approach always started at an 

altitude of 1200 ft (366 m) with a heading of 360°. Expert pilots having larger hippocampal 

size may retain and integrate this fact into their mental representation of the flight (24). Note 

that traffic avoidance showed the strongest main effect of hippocampal volume such that 

smaller hippocampal volume was associated with improved performance with repeated 

testing. This counterintuitive result may arise from the performances of the older pilots, 

especially the less expert older pilots who tend to have smaller hippocampal volumes. In the 

larger Stanford/VA Aviation Study, older age was associated with improved performance 

over time on the traffic avoidance subtask (26). Thus, the influence of age, both on 

improvements in the traffic avoidance task and on decline in hippocampal volume, may have 

led to a nonsignificant association (i.e., main effect) of hippocampal volume on overall 

simulator performance.

Although expert pilots’ longitudinal performance on the flight simulator task partly depends 

on declarative memory, piloting an aircraft is a complex task of flexible attention allocation 

(4) involving coordination of both physical and mental abilities. Advanced flight training 

and experience help a pilot to allocate attention more efficiently because the pilot knows 

“what to look for, when to look for it, and what response to make” (9). Thus, flight simulator 

performance also likely depends on nondeclarative forms of memory which include motor 

skills and habit learning, simple forms of conditioning, and the phenomenon of priming, 

which are all supported by brain systems outside the hippocampus (24). Compared to 

declarative memory, nondeclarative memory is relatively inflexible, operates outside of 

awareness, and is most accessible when the task is structured just as during the original 

learning conditions (23). Many of these properties may be related to skills involved in flying. 

For example, expert motor skills are obviously important and are typically associated with 

brain regions, including the striatum, cerebellum, basal ganglia, prefrontal cortex, and 

parietal lobes (7). One model based on functional brain imaging has suggested that when a 

motor skill has been learned well, the neural representation maintaining this motor behavior 

is distributed over a neural network (7).

In order to clarify the nature of the relationship between hippocampal volume and the 

acquisition and maintenance of expert performance in a skill domain, studies need to 

measure hippocampal volumes at multiple time points. Woollett and Maguire (27) recently 

reported longitudinal results from a study in London taxi drivers training to become 

licensed. In the taxi drivers who qualified, the acquisition of an internal spatial 

representation of London was associated with a selective increase in gray matter volume in 

their posterior hippocampi.
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Because of the key role of deliberate practice, future research on brain mechanisms involved 

in acquisition and maintenance of experts’ superior performance should measure specific 

types and hours of deliberate practice to address how deliberate practice relates to brain 

structure and function. Future studies, however, should also emphasize nondeclarative 

memory to understand its contribution to driving and flying. Broadly, one can look to the 

adult human hippocampus as a target brain area where cognitive training and continuous and 

deliberate training can help restore, maintain, and improve performance on many types of 

complex everyday tasks that are initially dependent on proper hippocampal functioning. For 

instance, using measurement of hippocampal function may help develop individualized 

training programs and tools that can help rehabilitate performance impairments due to 

disease or injury (such as post traumatic stress disorder/traumatic brain injury). A similar 

approach can identify people at risk for accidents.

The present study had a few limitations. First, the relatively small sample size consisted 

mostly of men. The number of women should be increased in future studies. Second, effects 

related to aging complicated the interpretation of the results. Any expertise/experience-

related associations in their study are superimposed on the large individual differences in 

age-related cognitive and brain processes that are occurring in their sample. As hippocampal 

volume varies with age, some of the variance in hippocampal volumes was also related to 

age. Also, our structural scans were not taken at the same point in the study for all subjects. 

Ideally these scans would be taken immediately prior to baseline in a cohort of pilots all near 

the same age. Despite the less than ideal timing of the hippocampal measurements, 

hippocampal volume and APOE genotype measures helped to explain individual differences 

in longitudinal flight simulator performance beyond that explained by pilot age and 

expertise. Previously, 11% of the variance was explained on the basis of pilot demographics 

(26). Adjusting for baseline performance explained an additional 7% of the variance. 

Inclusion of the two neurobiological measures explained an additional 9% variance (a total 

of 27% was the total percentage of variance explained).

In conclusion, the present study adds to the existing literature on expertise and the biological 

correlates of acquired knowledge. Expertise moderated the influence of hippocampal volume 

on longitudinal flight simulator performance such that having a larger hippocampus was 

progressively associated with better maintenance of performance as the level of expertise 

increased. Expert pilots with larger hippocampi were able to perform relatively better across 

annual testing. This finding resonates with previous reports of hippocampal volume 

differences in other fields of expertise, including spatial navigation (21), musical ability 

(14), and intensive medical study (8). However, hippocampal volume in our study was not 

associated with better maintenance of performance over time in the lower expertise groups. 

This finding suggests a complex interaction between expertise, hippocampal volume, and 

performance. Consideration of the existing literature suggests flight simulator performance 

involves interplay between declarative (hippocampal) and nondeclarative (nonhippocampal) 

memory systems.
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Fig. 1. 
Relationship between hippocampal volume and longitudinal flight simulator performance. 

Trend lines are shown for each expertise group. Y-axis: annualized rate of change in flight 

simulator performance from baseline to 2 yr later (slope score residualized on baseline flight 

simulator score). X-axis: hippocampal volume, adjusted for head size (TIV). The sample 

mean, 5.058 cc, has been added to the residualized hippocampal volume.
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