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Abstract Age-related changes in the microstructural organization of the corpus callosum (CC) 

may explain declines in bimanual motor performance associated with normal aging. We used diffusion 

tensor imaging in young (n=33) and older (n=33) adults to investigate the microstructural organization 

of 7 specific CC subregions (prefrontal, premotor, primary motor, primary sensory, parietal, temporal 

and occipital). A set of bimanual tasks was used to assess various aspects of bimanual motor 

functioning: the Purdue Pegboard Test, simultaneous and alternating finger tapping, a choice reaction 

time test and a complex visuomotor tracking task. The older adults showed age-related deficits on all 

measures of bimanual motor performance. Correlation analyses within the older group showed that 

white matter fractional anisotropy of the CC occipital region was associated with bimanual fine 

manipulation skills (Purdue Pegboard Test), whereas better performance on the other bimanual tasks 

was related to higher fractional anisotropy in the more anterior premotor, primary motor and primary 

sensory CC subregions. Such associations were less prominent in the younger group. Our findings 

suggest that structural alterations of subregional callosal fibers may account for bimanual motor 

declines in normal aging. 
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Introduction 

Healthy aging is generally associated with declines in bimanual motor behavior. Since coordinated 

hand movements are essential in many daily life activities, these changes in bimanual functioning 

could menace functional independence in elderly. Previous studies found that the execution of 

bimanual movements slows down as a result of aging (Bernard and Seidler 2012; Desrosiers et al. 

1999; Fling and Seidler 2012; Marneweck et al. 2011; Sullivan et al. 2001). Other studies looked at 

age-related differences in synchronization between the hands during bimanual coordination (Bangert 

et al. 2010; Fling et al. 2011b; Serrien et al. 2000; Summers et al. 2010; Swinnen et al. 1998; Wishart 

et al. 2000). This work revealed that older adults were often able to match the performance of young 

adults during relatively easy coordination patterns, whereas prominent age differences in performance 

emerged during more complex coordination patterns requiring effortful processing. 

Declines in bimanual motor performance may be caused by multiple processes that occur 

during aging. For instance, the structure of muscles gradually changes during aging, leading to loss of 

muscle mass and strength in elderly (Doherty 2003; Goodpaster et al. 2006; Hairi et al. 2010; Harris 

1997). Age-related declines in sensory acuity and in neural integration of visual (Leibowitz et al. 

1980) and proprioceptive feedback (Adamo et al. 2007; Cole and Rotella 2001; Goble et al. 2009; 

Stelmach and Sirica 1986) might additionally compromise bimanual motor performance. Furthermore, 

bimanual movements rely on interactions between the hands, and therefore require exchange of 

information between both hemispheres of the brain. The primary interhemispheric connection is the 

corpus callosum (CC). The CC is the largest white matter tract in the brain, connecting mostly 

homotopic but also heterotopic cortical regions (Jarbo et al. 2012). Multiple studies in patients who 

underwent partial or complete surgical callosotomy have shown that interruption of fibers in a specific 

CC section leads to specific bilateral synchronization deficits (Berlucchi 2012; Gazzaniga 2005). The 

current work seeks to determine whether age-related changes in microstructural organization of the 

CC account for bimanual performance in older adults. 

Diffusion tensor imaging (DTI) is a non-invasive magnetic resonance technique that enables 

insight into age-related degenerative changes in white matter brain tissue such as the CC. It provides a 

quantitative assessment of white matter microstructural organization by quantifying the directionality 

and rate of diffusion of water within tissue. The most frequently used DTI measure is fractional 

anisotropy (FA), indicating the degree to which water diffusion is directionally restricted (Basser and 

Pierpaoli 1996; Tournier et al. 2011). Additionally, the conjoint analysis of axial diffusivity (AD) and 

radial diffusivity (RD) shows potential to distinguish between diffusivity patterns with different 

relations to cellular mechanisms of white matter deterioration. AD is assumed to contribute 

information regarding the integrity of axons or changes in extra-axonal or extracellular space, whereas 

RD may be selectively sensitive to myelin damage or glial cell morphology (Beaulieu and Allen 1994; 

Song et al. 2003; Song et al. 2002; Sun et al. 2007; Sun et al. 2006). Previous studies looking at age-
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related differences in AD and RD suggest that differences in RD are more prominent than AD 

differences, tentatively suggesting a predominantly myelin-specific effect in aging (Bhagat and 

Beaulieu 2004; Davis et al. 2009; Lebel et al. 2012; Madden et al. 2009; Sala et al. 2012; Zhang et al. 

2010).  

We know from previous DTI studies that microstructural properties of the CC can be linked to 

performance on a variety of bimanual tasks in healthy young adults (Fling et al. 2011b; Gooijers et al. 

2013; Johansen-Berg et al. 2007; Muetzel et al. 2008; Sisti et al. 2012), patients with multiple sclerosis 

(Bonzano et al. 2008), and patients with traumatic brain injury (Caeyenberghs et al. 2011). In the 

context of aging however, to the best of our knowledge only two studies have investigated the link 

between CC microstructure and bimanual performance. Fling et al. (2011b) investigated the 

association between performance on bimanual tapping tasks and CC microstructure. They found that 

in the older adults group, higher FA values within the subregion connecting somatosensory cortices 

was related to better performance on an asynchronous out-of-phase bimanual tapping task. 

Additionally, in a sample spanning the adult age range (age range = 20-81 years), Sullivan et al. 

(2001) found a relationship between FA of the splenium of the CC and speed of alternating finger 

tapping. However, it remains unclear whether structural properties of distinct callosal pathways are 

associated with age-related performance deficits on different bimanual motor tasks, relying on distinct 

sensorimotor functions. The present study addressed this issue by exploring relations between 

microstructural properties of functionally distinct subregions of the CC, and performance on a battery 

of bimanual tasks in 33 young and 33 older adults. 

Four complementary tasks were selected to assess bimanual motor functioning, with all tasks 

thought to be susceptible to age-related decline and emphasizing partly different sensorimotor 

functions. First, the Purdue Pegboard Test served as a commonly used clinical measure of fine finger 

manipulation speed. Secondly, the finger tapping task was used to assess simultaneous and alternating 

finger tapping speed. Whereas both tasks comprise a motor speed component, exploratory principal 

component analyses previously showed that they load high on different factors (Takser et al. 2002; 

Voineskos et al. 2012). Specifically, the Purdue Pegboard Test requires fast visual processing to 

precisely regulate finger movements, whereas finger tapping depends more on basic motor speed with 

limited accuracy requirements. Thirdly, a choice reaction time task was used to assess bimanual 

reaction speed. Besides having a motor speed component, choice reaction time paradigms show 

sensitivity to deficits in response selection, preparation and generation (Smith 1968). The fourth task 

was a new visuomotor task, involving complex bimanual coordination patterns relying on intermanual 

interactions. Rather than focusing on speed of execution as the above-mentioned tasks do, we used the 

latter task to evaluate accuracy of visually-guided bimanual coordination, represented by tracking 

accuracy. Based on previous studies, we expected that the older adults would show performance 

deficits compared to the young adults on all four tasks (Bangert et al. 2010; Bernard and Seidler 2012; 

Davis et al. 2009; Desrosiers et al. 1999; Fling and Seidler 2012; Fling et al. 2011b; Langan et al. 
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2010; Madden et al. 2004; Marneweck et al. 2011; Porciatti et al. 1999; Salthouse and Czaja 2000; 

Sullivan et al. 2001; Summers et al. 2010; Swinnen et al. 1998; Voineskos et al. 2012; Wishart et al. 

2000; Zahr et al. 2009). 

Our second aim was to compare the white matter microstructural organization of 7 

functionally distinct subregions of the CC in the young and older adults using DTI. Accordingly, we 

subdivided the CC along its anteroposterior axis (Hofer and Frahm 2006; Huang et al. 2005), with the 

subregions based on their fiber tracts projecting into specific cortical areas, including the (1) prefrontal 

areas, (2) premotor (and supplementary motor) areas, (3) primary motor areas, (4) primary sensory 

areas, (5) parietal, (6) temporal, and (7) occipital areas. Employing this classification, previous work 

of our group has already revealed relations between microstructural organization of specific CC 

subregions and performance on different bimanual motor tasks in healthy young adults (Gooijers et al. 

2013) and in patients with traumatic brain injury (Caeyenberghs et al. 2011).  

The ultimate goal of this study was to investigate the pattern of relationships between 

localized and anatomically specific white matter microstructural organization according to the 7 

subregions of the CC, and performance on multiple bimanual motor tasks, emphasizing partly 

different sensorimotor functions, and susceptible to age-related decline. To the best of our knowledge, 

we are the first to investigate the specificity of the relationships between all callosal substructures and 

bimanual performance by employing a battery of bimanual tasks in young and older adults, thereby 

enabling a thorough examination of the neural correlates of the bimanual performance declines 

associated with aging. 
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Materials and Methods 

Subjects 

After withholding 5 individuals (1 young and 4 older subjects) showing artifacts on their DTI scan that 

prevented a reliable analysis, 33 young adults (YA, mean ± SD age = 25.40 ± 4.66 years) and 33 older 

adults (OA, 69.33 ± 5.56 years) were included in the study. Both groups included 17 females and 16 

males. All subjects were right-handed, as verified by the Edinburgh Handedness Inventory (laterality 

quotient (mean ± SD): YA: 89 ± 15.12; OA: 94.09 ± 12.9) (Oldfield 1971), and had normal or 

corrected to normal vision. None of the subjects reported a history of neurological or psychiatric 

disorders. The Montreal Cognitive Assessment scale was used to screen the OA for mild cognitive 

dysfunction (Nasreddine et al. 2005). All of the OA scored within normal limits (≥ 26). Prior to giving 

written consent, all subjects received a full explanation of the experimental procedures. The study 

received approval from the local Ethics Committee for biomedical research, and was performed in 

accordance with the 1964 Declaration of Helsinki. 

 

Data acquisition 

Bimanual tests 

Assessment of bimanual motor behavior was achieved using both clinical and instrumented measures. 

The clinical measure was the Purdue Pegboard Test. The instrumented measures included speeded 

finger tapping, a choice reaction time test, and a visuomotor task. Outlier detection was performed by 

transforming all the data per test and per group separately into z-scores. A trial was considered an 

outlier and discarded from the analysis when the z-score was greater than |3|. 

 

Purdue Pegboard Test 

The Purdue Pegboard Test (Lafayette instrument company, USA) is a clinical measure of fine finger 

manipulation speed relying on fast visual processing. The test consists of manipulating a maximum 

number of small pins in two vertical columns with pin holes on a board, within a 30-sec time period 

(Desrosiers et al. 1995; Tiffin and Asher 1948). Previous studies have tested its reliability 

(Buddenberg and Davis 2000), including one study showing excellent reliability (reliability coefficient 

of .81) in subjects aged 60 and over (Desrosiers et al. 1995). The test was performed three times with 

both hands simultaneously. Before starting, the participants were allowed to practice with 3 or 4 pairs 

of pins. The dependent variable was the average number of pairs inserted during the three trials, with a 

high score indicating good performance. 
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Finger tapping test 

The finger tapping test is frequently used in studies assessing bimanual motor speed (Muetzel et al. 

2008; Njiokiktjien et al. 1997; Pelletier et al. 1993; Serrien et al. 2002; Sullivan et al. 2001). In our 

study, participants had to use the left and right index finger to tap two response buttons on a keyboard 

(Dell SK-8135) as fast as possible within a 10-sec time period. They were comfortably seated at a 

table in front of a computer monitor, with lower arms and wrists resting on the table. Two different 

finger tapping tasks were administered once: (1) tapping simultaneously with the left and right index 

finger, evaluating in-phase bimanual speed and (2) alternating between tapping with the left and right 

index finger, evaluating anti-phase bimanual speed. The test was programmed in Hypertext 

Preprocessor (PHP) 5 and jQuery 1.3 and presented with FireFox on a XAMPP 1.7.3 server. 

MATLAB R2008a (Mathworks, Natick, MA) was used to analyze the finger tapping scores, 

being the sum of correct taps. For simultaneous finger tapping, two taps were considered correct when 

the intertap interval between the left and right index finger was below 100 msec. For alternating finger 

tapping, two taps were considered correct when the left and right taps were alternated, accordingly the 

same button could only be tapped twice if the other button was pressed in between.  

 

Choice reaction time test 

Choice reaction time tests are used to evaluate response selection, preparation and movement 

generation speed (Anstey et al. 2007; Smith 1968; Snodgras et al. 1967; Tuch et al. 2005). In this 

study, participants were seated with both hands and feet resting on tablets with capacitive proximity 

switches (Pepperl & Fuchs CBN5-F46-E2, sampling rate 1ms). Four white squares were presented on 

the screen. The top left and right square represented the left and right hand, respectively. The bottom 

left and right square represented the left and right foot, respectively. Participants were instructed to 

keep their hands and feet resting on the tablets, until 1 or maximum 2 squares on the screen turned 

blue. Upon this visual stimulus, participants had to lift the corresponding limb(s) as fast as possible, 

releasing the contact with the tablet. Participants were instructed to respond as quickly as possible 

without sacrificing accuracy. There was a random interval ranging from 1 to 3 seconds between trials, 

starting from the moment that the subject performed the correct coordination pattern. Ten different 

limb combinations were administered in a pseudorandom order with each possible combination 

occurring 3 times, resulting in a block of 30 trials. For each trial, the choice reaction time was obtained 

by calculating the time interval between the onset of the visual stimulus and the time at which the 

subject performed the correct coordination pattern. Only the condition in which participants had to lift 

both hands simultaneously is reported here (Fig. 1A). The dependent variable was the average of the 

reaction times during the 3 trials of this bimanual condition. Programming and presentation of the task 

was done using LabView 8.5 (National Instruments, Austin, Texas, USA). 
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Bimanual visuomotor task 

The bimanual visuomotor task is a highly versatile computerized version of the „etch-a-sketch‟ device 

(for earlier versions, see Preilowski (1972) and Mueller et al. (2009)). The task enables the evaluation 

of bimanual coordination accuracy, relying on online control of complex bimanual patterns. The 

protocol was based on previous studies employing this task in healthy young subjects (Gooijers et al. 

2013; Sisti et al. 2011; Sisti et al. 2012). Participants were seated with both lower arms resting on two 

custom-made adjustable ramps. Direct vision of both hands and forearms was occluded by a horizontal 

table-top bench, placed over the forearms of the subject. At the end of the ramps, 8 cm below the plane 

of the ramp, a dial was mounted on a horizontal support consisting of a flat disc (diameter 5 cm) and a 

vertical peg. The dials could be rotated by holding each peg between the thumb and index finger (Fig. 

1B). High precision shaft encoders were aligned with the axis of rotation of the dials to record angular 

displacement (Avago Technologies, 4096 pulses per revolution, accuracy = .089°). Programming and 

presentation of this task was done using LabView 8.5. 

Each trial started with the presentation of a single blue target line with a distinct orientation. 

At the origin of this line, in the center of the display, a white target dot was presented for 2 seconds, 

after which it began to move along the target line, towards the peripheral endpoint. The target dot 

moved at a constant rate and for a total duration of 10 seconds, representing a distance of 162 arbitrary 

units. Participants were instructed to rotate both dials in order to track the white target dot. The two 

dials controlled movement of a red subject cursor, namely a dot with a 1 cm long tail, serving as 

online visual feedback of tracking performance. The gain per rotation of 360 degrees was set to 10 

units. The left and right dial controlled the movement of the subject‟s cursor along the vertical and 

horizontal axis, respectively. When the left hand dial was rotated to the right (clockwise), the cursor 

moved up; when turned to the left (counterclockwise), the cursor moved down. When the right hand 

dial was rotated to the right (clockwise), the cursor moved to the right; when rotated to the left 

(counterclockwise), the cursor moved to the left. An auditory stimulus was provided indicating the 

start and end of each trial. After each trial the screen turned black, regardless of the subject‟s location 

on the screen, and the next target line would appear after an interval of 3 seconds. The goal of each 

trial was to match the red subject cursor with the white target dot in both space and time, keeping the 

deviation as small as possible. In other words, participants had to rotate the dials as accurately as 

possible, generating the correct direction and velocity.  

To generate the correct direction, four coordination patterns were introduced: two in which the 

left and right dial moved in the same direction, either clockwise or counterclockwise, and two in 

which the left and right dial moved towards or away from each other. The coordination patterns had to 

be performed at different relative velocities of the hands (frequency ratios), represented by the precise 

slope (angle) of the target line. We included five frequency ratios (using the convention of referring to 

the left hand first, and the right hand second): 3:1, 2:1, 1:1, 1:2, 1:3. For example, a 3:1 frequency ratio 

indicated that the left hand moved three times faster than the right hand. The combination of 
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coordination patterns (4) and frequency ratios (5) resulted in 20 experimental target pathways (Fig. 

1C). 

Four blocks of 6 minutes with 3 minutes rest in between were administered. A block consisted 

of 24 target lines (all 20 distinctive target lines plus the 1:1 frequency ratio repeated in all 4 

coordination patterns), presented in a pseudorandom order. Prior to data recording, participants were 

allowed to practice 12 lines, for a period of 3 minutes, to become familiar with the task variants. 

The data were analyzed using both LabView 8.5 software and MATLAB R2008a. The x- and 

y-positions of the target dot and the subject cursor were sampled at 100Hz. Target deviation per trial 

was calculated as a measure of accuracy, using the following multistep procedure: (a) Every 10 msec, 

the difference between the target position and the subject position ( d ) was calculated, using the 

Euclidean distance: 

   2

12

2

12 yyxxd 
 

where 2x  and 2y  refer to the position of the subject‟s cursor on the x- and y- axis, respectively, and 

1x  and 1y  correspond to the position of the target dot on the x- and y-axis, respectively. (b) At the end 

of each trial, the average of these distances was computed and defined as the trial‟s target deviation, 

expressed in units. A target deviation equal to 0 units would indicate that during the whole trial, the 

subject cursor was precisely on top of the target dot, representing a perfect performance. Accordingly, 

larger target deviation scores reflect poorer performance. Based on our previous work, we 

distinguished between the average target deviation of the trials with isofrequency ratios, with both 

hands moving at equal speeds (1:1 ratio), and of the trials with non-isofrequency ratios, requiring one 

hand to move faster than the other (3:1, 2:1, 1:2 and 1:3 ratios). 

 

Image acquisition 

Imaging data were acquired on a Siemens 3T Magnetom Trio magnetic resonance imaging (MRI) 

scanner (Siemens, Erlangen, Germany) with a 12-channel matrix head coil, using a diffusion tensor 

imaging single-shot spin-echo sequence (repetition time = 10700 msec; echo time = 82 msec; matrix = 

96 × 96; 2.2 × 2.2 × 2.2 mm
3
 voxels; 60 axial slices). Diffusion sensitizing gradients were applied at a 

b-value of 1000 seconds/mm
2
, along 64 noncollinear directions. One b0 image with no diffusion 

weighting was acquired.  

A 3D magnetization prepared rapid gradient echo (MPRAGE) high resolution T1-weighted 

structural image (repetition time = 2300 msec; echo time = 2.98 msec; 1 x 1 x 1.1 mm
3
 voxels; field of 

view = 240 x 256 mm²; 160 sagittal slices) was acquired to check for possible abnormalities in gray 

matter. 
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Diffusion Tensor Imaging 

Processing 

DTI data were analyzed and processed with the same multi-step procedure as employed previously 

(Caeyenberghs et al. 2011; Gooijers et al. 2013; Sisti et al. 2012): (a) The raw diffusion weighted data 

and the non-diffusion weighted image were loaded into ExploreDTI (Leemans et al. 2009) and we 

looped through the separate diffusion weighted imaging volumes at a high frame rate to check for any 

obvious artifacts in the data, such as large signal dropouts and geometric distortions. We also toggled 

between the views of the first and last acquired diffusion weighted image to observe subtle system 

drifts. Next, we inspected the images in different “orthogonal” views to check for any interslice and 

intravolume instabilities, and visualized various image maps (examples shown in Fig. 2A – 2E) to 

check for any artifacts. Finally, we checked the residual map (as shown in Fig. 2F), reflecting the 

difference between the modeled and the measured signal (Tournier et al. 2011). With such a residuals 

map one can detect artifacts that are not always visible on the FA map or on the individual diffusion-

weighted images. The 33 young and 33 older subjects included in this study showed sufficiently 

satisfactory DTI data quality for further analysis. (b) The DTI data sets were corrected for subject 

motion and eddy current induced geometric distortions (Leemans and Jones 2009).
 
In summary, the 

diffusion weighted images were realigned to the non-diffusion weighted image using an affine co-

registration method based on mutual information with cubic interpolation to resample the images 

(Klein et al. 2010). During this correction procedure, the b-matrix was adjusted for the rotational 

component of subject motion to ensure correct diffusion tensor estimates. (c) We re-inspected the data 

in three orthogonal planes in a loop format to ensure that the motion/distortion correction was 

performed correctly and that no additional artifacts were introduced into the data. (d) The diffusion 

tensor model was fitted to the data using the Levenberg–Marquardt non-linear regression method 

(Marquardt 1963). The diffusion measures FA, AD and RD were subsequently calculated as described 

previously by Basser and Pierpaoli (1996). FA values range from 0 to 1, where 0 represents maximal 

isotropic diffusion (i.e., equal amount of diffusion in all directions), or lack of directional organization, 

and 1 represents maximal anisotropic diffusion (i.e., only movement parallel to the major axis of a 

white matter tract), and higher values reflecting „more‟ organized tissues such as in white matter 

tracts. AD (the first eigenvalue) represents the diffusivity along the first eigenvector, which is assumed 

to lie parallel with the fiber pathways. RD (average of the second and third eigenvalues) assesses 

diffusion perpendicular to the main diffusion direction. Values of AD and RD are always positive, 

with the AD larger than the RD (for regions with FA > 0). (e) DTI data were transformed to MNI 

space to maximize uniformity in terms of inter-subject brain angulation. In doing so, the subregions of 

the CC in the subsequent fiber tractography analysis can be defined in a standardized way. An affine, 

and, subsequently, a high-dimensional non-affine DTI-based co-registration technique were applied to 

obtain the final DTI data sets in MNI space (Leemans et al. 2005; Van Hecke et al. 2007). In the non-
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affine co-registration approach, the images are modeled as a viscous fluid, imposing a constraint on 

the local deformation field. During normalization, the Jacobian is constrained to reduce the chance of 

forcing the underlying brain structures in an anatomically non-plausible way. This viscous fluid model 

was optimized for aligning multiple diffusion tensor components and has been applied successfully in 

a wide range of applications, where adjusting for morphological inter-subject (and inter-group) 

differences is considered to be of paramount importance, including work on aging (Hsu et al. 2010; 

Sage et al. 2009; Van Hecke et al. 2010; Verhoeven et al. 2010). Based on a recently developed 

simulation framework, the non-affine DTI-based co-registration method, in particular, has been shown 

to provide highly accurate registration results (Van Hecke et al. 2009).  

 

Fiber tractography 

For each individual dataset, estimates of axonal projections of the CC were reconstructed using a 

deterministic streamline fiber tractography approach (Basser et al. 2000). Fiber pathways were 

reconstructed by defining seed points distributed uniformly throughout the data at 3 mm isotropic 

resolution and by following the main diffusion direction (as defined by the principal eigenvector) until 

the fiber tract entered a voxel with FA < 0.15 or made a high angular turn (angle > 40°), considered to 

be not anatomically plausible. The step size was set at 1 mm. The fiber tractography was performed 

within ExploreDTI (Leemans et al. 2009). 

 

Parcellation of the CC 

We arrived at a parcellation of the CC by introducing subdivisions on the midsagittal plane according 

to the recently described paradigms by Hofer and Frahm (2006) and Huang et al. (2005). The 

subdivisions were manually defined on color-coded maps of the main diffusion direction within 

ExploreDTI (Leemans et al. 2009) by the same operator, who was blinded to the group status of the 

subjects and the findings of the behavioral tests, and according to a priori determined rules that were 

followed carefully and consistently for each subject (Catani and Thiebaut de Schotten 2008). A 

geometric partitioning scheme was used to define 7 callosal subregions based on specific arithmetic 

fractions of the maximum anterior and posterior points of the CC in the midsagittal plane, containing 

fibers projecting into prefrontal, premotor (and supplementary motor), primary motor, and primary 

sensory areas as well as into parietal, temporal, and occipital cortical areas. 

 

Definition of the subregions of the CC 

CC1 was the most anterior segment covering the first sixth of the CC and containing fibers projecting 

into the prefrontal cortices. CC2 comprised the remainder of the anterior half of the CC, containing 

fibers projecting to the premotor (and supplementary motor) cortices. CC3 was defined as the 
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posterior half minus the posterior third, comprising fibers projecting into the primary motor cortex. 

CC4, representing the posterior one third minus posterior one fourth, referred to primary sensory 

fibers. The remaining part of the posterior half of the CC, the splenium, was further divided according 

to Huang‟s scheme (2005) based on the fact that, unlike other segments, the splenium is occupied by 3 

different populations of fibers that connect three different lobes of the brain. These included fibers 

connecting the parietal lobes (CC5), temporal lobes (CC6), and occipital lobes (CC7). The parietal 

subregion occupied 16% of the total CC, the temporal subregion 10% and the occipital subregion 6%. 

The resulting CC parcellations are shown in figure 3A. 

 

Extraction of diffusion information 

In anatomical regions containing multiple fiber orientations, increased microstructural coherence of an 

individual fiber population can result in a decrease in the overall FA of that region (Basser and 

Pierpaoli 1996; Tournier et al. 2011; Wiegell et al. 2000). Fibers diverging from the CC and projecting 

into different cortical areas, cross multiple other major pathways, e.g., superior longitudinal fasciculus, 

corticospinal tract, corona radiata, and intralobular association fibers (Jeurissen et al. 2012; Vos et al. 

2012). Because of these multiple crossings of fibers diverging from the CC, fiber tracking algorithms 

estimating the continuation of these tracts can fail (Dougherty et al. 2005; Jarbo et al. 2012; Lebel et 

al. 2010; Wedeen et al. 2008). In the midsagittal part of the CC however, a single and well-defined 

orientation may be assumed. Therefore, we obtained mean values of FA, AD and RD from the 

midsagittal segments only, rather than from the entire CC pathways, thereby trying to avoid data 

contamination originating from crossing fiber areas (or, more generally, partial volume effects), and 

fulfilling the assumption of the second-rank diffusion tensor model. The boundaries of these segments 

were defined at 1 cm bilaterally from the midsagittal plane, as shown in figure 3B. Using the fiber 

tractography approach, we could take full advantage of the orientation information that is captured in 

the diffusion data to derive the FA, AD and RD values (Cercignani 2010). In other words, we verified 

that the reconstructed trajectories corresponded with the expected pathway configuration of the CC 

architecture in that region. 

In summary, even though some recent studies have successfully tracked interhemispheric 

connections between homotopic sensorimotor areas, the current technique has the advantage that white 

matter microstructural organization of all CC subdivisions can be studied and that the problem of 

multiple fiber crossing is largely overcome. We believe these advantages weigh up to the potential 

limitations associated with a predefined geometrical subdivision and that progress in this field can be 

made by applying different approaches. 
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Statistical analysis 

Unless otherwise stated, statistical analyses were done with the Statistical Package for the Social 

Sciences, version 19 (SPSS for Windows, 2010). An alpha level of 0.05 was used for statistical tests, 

where applicable correction for multiple comparisons was taken into account by adjusting the alpha 

level based on the number of comparisons according to the Bonferroni correction procedure (Olejnik 

et al. 1997). Only results surviving Bonferroni correction, i.e. remaining significant at p < adjusted 

alpha level, are reported. 

Although all the tasks were used as indicators of bimanual motor functioning, the different 

tasks emphasize partly different sensorimotor functions. Therefore, we expected subjects to show 

variation in performance across the tests. To ensure that the tasks yield different aspects of bimanual 

behavior, we conducted correlation analyses within both groups to explore the relationships between 

measures. 

Next, for the outcome measures of the Purdue Pegboard Test and the choice reaction time test, 

two-sample t-tests were performed comparing the YA with the OA group. Finger tapping scores on the 

simultaneous and alternating finger tapping task were subjected to a mixed model repeated measures 

analysis of variance (ANOVA) with between-subjects factor „group‟ (YA versus OA) and the within-

subjects factor „tapping condition‟ (simultaneous versus alternating finger tapping). A mixed model 

repeated measures ANOVA was also conducted on the target deviation scores of the bimanual 

visuomotor task to test for effects of group (between-subjects factor: YA versus OA) and frequency 

ratio (within-subjects factor: isofrequency ratios (ISO) versus non-isofrequency ratios (N-ISO)). 

Subsequently, a multivariate approach to mixed model repeated measures ANOVA was used 

to estimate microstructural differences among the 7 CC subregions. The between subjects factor was 

group, enabling the comparison of YA versus OA, and the within subjects factor was CC subregion 

with 7 levels. In addition, post-hoc planned comparisons were performed to examine between and 

within group differences using independent and paired t-tests respectively. The dependent variables 

were FA, AD and RD.  

Finally, Pearson correlation coefficients were used in both groups to investigate the relations 

between the FA values of the 7 CC subregions, as a measure of white matter microstructure, and the 

different bimanual motor scores. Based on the results from previous DTI studies linking 

microstructural properties of the CC with bimanual performance, as described in the introduction, we 

expected higher FA values to be related to higher performance levels, and therefore applied 

directional, one-tailed Pearson correlation tests. For all significant relationships, we applied a Fisher r-

to-Z transformation to compare the strength of correlations between age groups using Statistica, 

version 10 (StatSoft Inc., 2011). 
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Results 

Bimanual motor behavior 

Based on inspection of the z-scores, no outliers were found for the Purdue Pegboard Test. For the 

finger tapping test, 1.51% (YA) and 3.03% (OA) of the data points was considered as outliers and 

removed from the analysis. For the choice reaction time test this was 3.03% (YA) and 6.06% (OA), 

for the visuomotor task 1.04% (YA) and 2.11% (OA). When a subject was excluded from a behavioral 

task, he/she was also excluded from the correlational analyses of that task with the DTI metrics. For 

the analyses comprising only DTI metrics, the entire sample was included. 

Correlation analyses were conducted to explore the relations between the different measures of 

bimanual performance. Within the young adults group, the correlation coefficients between the 

different measures (except for those that are variations of a single task) varied between .0 and .57; 

within the older adults group between .13 and .52. Not surprisingly, these results suggest that some 

variation in performance is shared across the tasks since the bimanual aspect is evident in all of them. 

However, a considerable amount of variance is also unique, and this justifies considering them as 

partially distinct variables. An overview of the correlation analyses within both groups can be found in 

Online Resource 1. 

Older adults performed significantly worse on all measures of bimanual motor behavior 

relative to the young adults. For the Purdue Pegboard Test, YA manipulated significantly (t(63) = 

7.750, p < 0.001) more pegs (12.35 ± 0.25) than OA (9.59 ± 0.25). For the finger tapping test (Fig. 

4A), we observed significant main effects of the tapping condition (F(1,59) = 98.71, p < 0.001), with 

more taps during simultaneous finger tapping (93.45 taps ± 1.97) than during alternating finger 

tapping (73.23 taps ± 1.88), and of group (F(1,59) = 60.28, p < 0.001), with YA performing more taps 

(96.03 taps ± 2.29) than OA (70.65 taps ± 2.33). Moreover, there was a significant interaction between 

condition and group (F(1,59) = 11.395, p < 0.001), indicating that the older adults performed 

disproportionally worse on the alternating versus the simultaneous finger tapping when compared to 

the young adults. Also on the choice reaction time test, the YA (657.50 msec ± 20.62) outperformed 

the OA (1072.59 msec ± 65.41) significantly (t(33.521) = -6.053, p < 0.001). Furthermore, mixed 

model repeated measures ANOVA on the data of the bimanual visuomotor task (Fig. 4B) revealed a 

main effect of group (F(1,64) = 63.153, p < 0.001), indicating that the YA had lower target deviations 

(12.49 units ± 0.94) during this task (indicative of better performance) than the OA (30.64 units ± 

1.43). In addition, there was a main effect of frequency ratio (F(1,64) = 81.807, p < 0.001), with better 

performance during isofrequency ratios (target deviation = 18.98 units ± 1.13) than during non-

isofrequency ratios (24.15 units ± 1.23). There was no significant interaction effect between group and 

frequency ratio (F(1,64) = 1.548, ns). 

 



15 

 

Diffusion Tensor Imaging 

DTI measurements of the 7 subregions of the CC are summarized in figure 5. 

Repeated-measures ANOVA revealed that FA differed among the 7 CC subregions (main 

effect of subregion, F(6,384) = 99.183, p < 0.001). Post hoc t-tests showed significantly higher FA 

values in the CC parietal and occipital regions compared to all other subregions within both the YA 

and the OA group (all p-values < 0.001). There was no significant main effect of group on FA 

(F(1,64) = 1.075, ns). However, a significant group x subregion interaction was found (F(6,384) = 

8.064, p < 0.001). Post hoc t-tests revealed that YA had significantly higher FA values compared to 

OA in the CC prefrontal region (p < 0.001). Additionally, in the CC primary motor region, YA 

showed significantly lower FA values than OA (p < 0.001). 

The AD, representing diffusivity along the principal diffusion direction, showed main effects 

of subregion (F(6,384) = 168.783, p < 0.001) and group (F(1,64) = 5.282, p < 0.05). For both groups, 

the lowest AD values were observed in the CC prefrontal, parietal and occipital regions. Specifically, 

the AD of the CC occipital region was significantly lower than in all other subregions in the YA 

group, and in all other subregions except for the prefrontal subregion in the OA group (all p-values < 

0.001). The AD was significantly elevated in the OA group compared to the YA group in the CC 

temporal (p < 0.01) and occipital (p < 0.01) region (interaction group x subregion, F(6,384) = 3.307, p 

< 0.01). 

The RD, a measure of diffusivity perpendicular to the main fiber orientation, also showed a 

main effect of subregion (F(6,384) = 138.636, p < 0.001). RD values were significantly lower in the 

parietal and occipital subregions compared to the other subregions in both groups (all p-values < 

0.001). Furthermore, the RD was significantly higher in OA compared to YA (main effect of group, 

F(1,64) = 4.370, p < 0.05), but this effect varied with subregion (group x subregion interaction, 

F(6,384) = 8.499, p < 0.001). Post hoc t-tests revealed that RD was significantly elevated in the OA 

versus the YA group in the CC prefrontal (p < 0.001) and temporal (p < 0.01) region, whereas YA 

showed elevated RD compared to OA in the CC primary motor region (p < 0.001). Consequently, it 

appears that the group differences in FA were primarily driven by the radial diffusivities. 

 

Relations between microstructural organization of the corpus callosum and bimanual motor 

behavior 

We performed Pearson correlation analyses within both groups to explore age-related associations 

between the FA values of the 7 CC substructures and performance on the different bimanual tests. An 

overview of the correlation analyses is shown in table 1. 

Within the YA group, FA of the CC primary sensory region correlated with performance on 

both the ISO and the more difficult N-ISO frequency ratios of the visuomotor task (ISO: r = -.48, p < 

0.01; N-ISO: r = -.45, p < 0.01). In other words, higher FA was associated with lower target 
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deviations, indicative of a better tracking performance. No other significant correlations were found 

within the YA group. 

Within the OA group, a number of significant correlations were found as shown in figures 6A 

– 6F. FA of the CC occipital region was associated with performance on the Purdue Pegboard Test (r 

= .44; p < 0.014), indicating that better fine bimanual manipulative dexterity is associated with higher 

FA values within the CC occipital region. Next, the outcome variable of the simultaneous finger 

tapping task showed a significant relation with FA of the CC premotor region (r = .45; p < 0.014). 

Hence, the number of performed finger taps with left and right index finger simultaneously was 

associated with higher white matter anisotropy in this subregion. FA values of the CC premotor (r = -

.65; p < 0.001) and the primary sensory (r = -.47; p = 0.01) region were also significantly correlated 

with performance on the choice reaction time test. In other words, higher FA values in these 

subregions were associated with faster movements of the hands in reaction to a visual stimulus. 

Finally, FA of the CC primary motor region was related to performance on both the ISO and N-ISO 

frequency ratios of the visuomotor task (ISO: r = -.47; p < 0.01; N-ISO: r = -.50; p < 0.01).  

None of the significant brain-behavior relationships in the older adults were found in the 

young adults group, and vice versa. Comparing the strength of the correlations between age groups 

using Fisher r-to-Z transformation further showed significantly different correlation strengths in older 

and younger adults for the correlations between FA values of CC premotor region and performance on 

the simultaneous finger tapping task (p < 0.05), and performance on the choice reaction time task (p < 

0.01). 
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Discussion 

In the present study, we used a set of tasks associated with bimanual motor behavior, tapping a range 

of sensorimotor functions. By subdividing the CC into 7 functionally distinct subregions, we 

subsequently provided a comprehensive view on location of age-related differences in CC 

microstructural properties. Finally, relationships between measures of microstructural organization of 

the CC subregions (FA values) and performance on the different tasks were investigated and age-

related correlation differences were assessed. Our results indicated that microstructural variation in 

particular subregions of the CC is associated with specific bimanual deficits in older adults.  

 

Group differences in bimanual motor behavior 

As expected, older adults showed compromised bimanual fine manipulation (Purdue Pegboard Test) 

and finger tapping speed, compared to the younger adults. Additionally, older adults showed longer 

reaction times on the choice reaction time test compared to the younger adults, indicating declines in 

response selection, preparation and generation speed. Finally, older adults showed large deficits in 

performance on the visuomotor task, with a group average target deviation more than twice as high as 

in the young adults group. This is consistent with previous literature, showing large age-related 

performance differences during complex bimanual coordination tasks requiring effortful processing 

(Bangert et al. 2010; Fling et al. 2011b; Serrien et al. 2000; Summers et al. 2010; Wishart et al. 2000). 

In accordance with previous studies using the visuomotor task in a young adult sample (Gooijers et al. 

2013; Sisti et al. 2011; Sisti et al. 2012), both groups performed worse on the non-isofrequency ratios 

compared to the isofrequency ratios. No significant interaction between group and frequency ratio was 

found, indicating that the intergroup difference in performance was similar during both frequency ratio 

conditions. This implies that adding extra temporal constraints (i.e., non-isofrequency versus 

isofrequency ratios), did not further magnify the age-related differences in performance. 

 

Group differences in diffusion tensor imaging 

Consistent with previous literature, CC parietal and occipital regions showed highest FA values as 

compared to the other CC subregions within both the young and the older adults group (Caeyenberghs 

et al. 2011; Chepuri et al. 2002; Gooijers et al. 2013; Hofer and Frahm 2006; Ota et al. 2006).  

Our comparison of quantitative fiber tracking measures between the young and older group 

further revealed lower FA values in the CC prefrontal region in the older adults, whereas differences 

in the more posterior primary sensory, parietal, temporal and occipital regions of the CC were not 

significant. Across many studies employing DTI to explore age-related changes in microstructural 

organization, a general trend has been found towards an anterior to posterior gradient of degradation, 

as aging is associated with decreased FA in the frontal regions of the brain, including the genu of the 
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CC, whereas this decline is less pronounced in posterior white matter, including the splenium (Abe et 

al. 2002; Bennett et al. 2010; Bhagat and Beaulieu 2004; Burzynska et al. 2010; Camara et al. 2007; 

Coxon et al. 2012; Davis et al. 2009; Hofer and Frahm 2006; Hugenschmidt et al. 2008; Madden et al. 

2012; Ota et al. 2006; Raz and Rodrigue 2006; Salat et al. 2005; Sisti et al. 2012; Sullivan et al. 2006; 

Sullivan and Pfefferbaum 2006; Voineskos et al. 2012; Zahr et al. 2009). Accordingly, our data fit 

well with the existing literature. Age-related differences in AD and RD did not appear to follow the 

same pattern of selective vulnerability of anterior CC fibers to normal aging, as additionally to age-

related elevations in RD in the CC prefrontal region, pronounced elevations in diffusivity were found 

in the posterior CC temporal (AD and RD) and occipital (AD) regions as well. 

An unexpected finding was that FA in the CC primary motor region was higher in older adults 

compared to the young adults, which seemed to be primarily driven by the lower RD in this subregion 

in the older adults. Age-related increases in FA in different white matter regions have previously been 

reported (Hsu et al. 2010; Inano et al. 2011). However, to the best of our knowledge, this is the first 

study reporting this counterintuitive difference in the CC primary motor region. In view of the (a) 

obtained findings in other CC substructures (anterior and posterior to the motor CC) that are consistent 

with previous work, (b) the detailed quality control of the data, and (c) the relatively large size of our 

subject pool compared to related literature, we seriously doubt that this deviant finding reflects a mere 

flaw in data processing or sampling error. Determining the etiology of our results calls for replication 

and further investigation. Nevertheless, some speculative arguments are discussed next. Looking at FA 

evolution of the CC over the entire lifespan, Lebel et al. (2012) previously found that the FA peak for 

the body of the CC -likely to include the CC primary motor region in this study- occurred at around 

the age of 35 years. The reported increases in FA were driven by decreases in RD, which is 

presumably indicative of age-related fiber myelination (Janve et al. 2013; Song et al. 2002; Song et al. 

2005; Sun et al. 2007; Sun et al. 2006). Using light microscopic examination, Aboitiz et al. (2003; 

1992) previously revealed that in the posterior midbody, the highest number of highly myelinated 

large-diameter fibers in the CC is found, possibly explaining the late FA peak in the body of the CC as 

described by Lebel et al. (2012). Findings on FA changes at higher ages in the body of the CC have 

been inconsistent. Some studies report decreases at higher ages (Hasan et al. 2008; Hsu et al. 2010), 

whereas others report relatively stable FA values (Burzynska et al. 2010; McLaughlin et al. 2007; 

Michielse et al. 2010; Ota et al. 2006). A closer inspection of the FA values of the CC primary motor 

region within the older adult group of the current study showed no correlation between age and FA (r 

= -.01, ns), indicating that FA values remained stable after the age of 60. Based on the results of Lebel 

et al. (2012), it is plausible that the young adults, included in the current study, did not yet reach their 

FA peak in the CC primary motor region, thereby demonstrating lower FA values as compared to the 

older adults. In turn, the older adults may have reached their FA peak around midlife and remained 

relatively stable thereafter. Taken together, the age-related differences in FA in the CC prefrontal 
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region and in the CC primary motor regions of the current study may possibly be explained in light of 

changes in CC microstructure across the human lifespan.  

 

Microstructural organization of the corpus callosum and bimanual motor behavior 

We explored the relations between DTI-derived FA values of the 7 CC subregions, as a measure of 

white matter microstructure, and performance on bimanual motor tasks relying on different 

sensorimotor functions. Applying correlation analyses within the young adults group, we found that 

higher FA values of the CC primary sensory region were associated with better tracking performance 

during the isofrequency and non-isofrequency ratios of the visuomotor task. The remaining 

correlations did not reach significance in this group. Within the older adults group, several correlations 

were significant. Performance on the Purdue Pegboard Test was associated with FA values of the CC 

occipital subregion, whereas the other bimanual motor behavior scores correlated with more anterior 

CC subregions. These relations are discussed in more detail below.  

First, whereas Sullivan et al. (2010) and Voineskos et al. (2012) previously found no 

correlations between unimanual fine finger movement scores and callosal microstructural organization 

in samples spanning the adult age range, we found a relation between bimanual Purdue Pegboard Test 

performance and FA in the CC occipital subregion of the older adults. The fibers running through this 

region are responsible for information transfer between the occipital areas, which are involved in 

processing of visual information. Noteworthy, the Purdue Pegboard Test was the only task for which a 

relation with these fibers was found. This may appear somewhat unexpected at first sight, but several 

potential accounts can be put forward. First, during the execution of the Purdue Pegboard Test, 

accurate visually-guided movements of the fingers are required under temporal pressure. The pegs 

precisely fit in the peg holes, leaving no room for error. Moreover, subjects are instructed to exactly 

synchronize the placement of each pair of pegs in the provided holes. Because of these restrictions, 

constant on-line monitoring and updating of the different task elements (e.g. the hands, pegs and peg 

holes) in both visual hemifields is crucial. This probably accounts for the need to transfer information 

through interconnecting occipital pathways. In the other bimanual motor tasks employed in the present 

study, this constant fast on-line exchange of visual information might have been less determining for 

performance. Second, lower FA within the occipital regions of the CC has previously been found to be 

uniquely related to deficits on the bimanual Purdue Pegboard Test in traumatic brain injury patients 

(Caeyenberghs et al. 2011). As both elderly and traumatic brain injury patients undergo changes in 

brain white matter microstructure constraining function, it is not surprising that similar brain-behavior 

relations are found in both populations.  

Next, better performance on the simultaneous finger tapping task was associated with higher 

FA in the premotor subregion. Fling et al. (2011b) previously found no relations between CC 

microstructure and performance during a paced simultaneous finger tapping task in which outcome 
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scores were based on the standard deviation of the imposed 0 msec between-hand lag, with higher 

scores representing less accuracy. Our finger tapping task assessed in-phase bimanual motor speed 

whereby participants were instructed to tap as fast as possible. Performance on this task (i.e., the 

number of taps) was related to microstructural organization of the CC fibers connecting premotor 

areas. 

Further, higher FA values of the premotor and the primary sensory subregion were related to 

better performance on the choice reaction time test. FA of these CC subregions has previously been 

linked to upper limb motor outcome in patients suffering from hand motor deficits after subcortical 

stroke (Wang et al. 2012). Impaired motor response selection has previously been found in healthy 

subjects undergoing transcranial magnetic stimulation applied to disrupt processing in the lateral 

premotor cortex (Schluter et al. 1998). Halsband and Lange (2006) suggested that the coding of the 

association between visuo-spatial information and motor commands can primarily be attributed to the 

lateral premotor cortex. Picard and Strick (2001) have further shown that the rostral part of the lateral 

premotor cortex is primarily active during the presentation of external cues, whereas the caudal part 

plays a role during movement preparation or generation. Involvement of the premotor cortex in choice 

reaction time tasks has thus previously been demonstrated. Whereas Madden et al. (2004) found no 

relations between performance on a unimanual choice reaction time task and callosal FA values in 

older adults, we now found that, for a bimanual version of this task, FA of the premotor and primary 

sensory subregions of the CC is associated with performance in older adults. 

Finally, performance on the computerized visuomotor task was correlated with FA of the 

primary motor subregion, which equally applied to the isofrequency and the more difficult non-

isofrequency ratios. Electroencephalography studies have previously shown that bimanual 

coordination of skilled finger movements requires an intense interaction between the motor areas of 

both cerebral hemispheres (Gerloff and Andres 2002). The fibers of the CC primary motor region 

connect these motor areas, which support the execution of bimanual movements (Swinnen and 

Wenderoth 2004), and serve as pathways for both facilitatory and inhibitory interactions (Bloom and 

Hynd 2005; Fling et al. 2011a; Goble et al. 2012; Stinear and Byblow 2002). Although the older adults 

showed higher FA values in the CC primary motor region as compared to the young adults, they 

performed worse on this task as a group, indicating that other processes are probably more 

determining for this age-related performance decline than microstructural changes in the CC. 

However, the clear relation between FA values in the CC primary motor region and performance 

within the older adults indicates that lower FA values in this subregion may be related to additional 

performance deterioration among the older adults. 

None of the significant brain-behavior relationships in the older adults were found in the 

young adults group, and vice versa. Furthermore, correlations between FA values of the CC premotor 

region and performance on the simultaneous finger tapping task in older and younger adults were 
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found to differ significantly from each other, indicating explicit age-related differences in the relations 

between these DTI and performance measures. 

Some limitations in our current study must be acknowledged. DTI offers a quantitative method 

to reduce anatomical information to a tensor and then to a scalar value. However, this implies that, 

when differences are found in one of these scalar metrics, it is difficult to draw any conclusions about 

the exact causes at the cellular level (Tournier et al. 2011). FA for example is rather unspecific and can 

be modulated by changes in myelination, axon density, axon diameter and the layout of the axons 

within the image (Chepuri et al. 2002). Furthermore, other currently available MRI sequences have 

improved the detection of white matter damage in older adults, such as T2-weighted imaging and fluid 

attenuated inversion recovery (FLAIR) scans (for a review, see Gunning-Dixon et al. 2009). Because 

T2 and FLAIR scans are much more sensitive in detecting white matter hyperintensities, more 

accurate data can be obtained to objectively assess white matter deterioration in the older adults group. 

The extent of detected white matter damage can provide long-term neurological and behavioral 

prognostic information. Additional studies correlating the abnormalities seen on FLAIR with DTI 

metrics need to be done to better define the neuroimaging correlates of motor performance declines in 

older adults. Finally, the cross-sectional design used in this study only enabled us to investigate age-

related differences in bimanual motor behavior and in microstructural organization of the CC. 

Individual changes herein over time could not be explored with this design.  

 

Conclusion 

We subdivided the CC into 7 functionally distinct regions in both young and older adults and 

correlated DTI metrics with performance on an expanded set of bimanual tasks. Older adults showed 

significant bimanual motor deficits on all tasks as compared to young adults. Microstructural 

organization of several CC subregions showed significant correlations with bimanual performance, 

particularly in the older adults. More specifically, deficits in bimanual finger manipulation skills, 

highly depending on on-line visual processing, were associated with white matter FA in the CC 

occipital subregion in the older adults. The remaining bimanual skills were related to FA of the more 

anterior premotor, primary motor and primary sensory CC subregions. Understanding these brain-

behavior relationships advances our current knowledge on normal brain aging, and may help to 

identify structural imaging biomarkers of aging that may ultimately serve to provide a foundation for 

the development of interventions designed to maintain functional independence during aging. 
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Table 1. Correlations between FA of the CC subregions and bimanual motor performance within the 

young and the older adults group. 

 

Young adults 

 
Prefrontal 

CC1  

 
Premotor 

CC2  

 Primary 

motor  

CC3 

 Primary 

sensory 

CC4 

 
Parietal 

CC5 

 
Temporal 

CC6 

 
Occipital 

CC7 

Purdue Pegboard  -.19  -.22   .01  -.10  -.17   .08   .13 

Simultaneous finger tapping   .11  -.17   .00   .01  -.22  -.04   .09 

Alternating finger tapping   .20   .20   .06   .33  -.03   .35   .04 

† Choice reaction time test   .34   .09   .00  -.09   .21  -.28  -.15 

† Visuomotor task ISO  -.15  -.10  -.15     -.48**   .05  -.07   .15 

† Visuomotor task N-ISO  -.11  -.13  -.17     -.45**   .05  -.12   .10 

 

Older adults 

 
Prefrontal 

CC1  

 
Premotor 

CC2  

 Primary 

motor  

CC3 

 Primary 

sensory 

CC4 

 
Parietal 

CC5 

 
Temporal 

CC6 

 
Occipital 

CC7 

Purdue Pegboard  -.02   .06   .04   .17   .33   .10     .44** 

Simultaneous finger tapping   .38     .45**   .39   .39   .38   .18   .27 

Alternating finger tapping   .34   .26   .36   .24   .17   .25  -.14 

† Choice reaction time test  -.31      -.65***  -.44     -.47**  -.38   .00  -.18 

† Visuomotor task ISO  -.06  -.04     -.47**  -.26  -.24  -.29   .00 

† Visuomotor task N-ISO   .04  -.08      -.50***  -.21  -.13  -.10   .09 

 

FA, fractional anisotropy; CC, corpus callosum; ISO, isofrequency ratios; N-ISO, non-isofrequency 

ratios. 

Results reported as being significant survived Bonferroni correction for 7 comparisons.  

**. Correlation is significant at the 0.01 level (one-tailed). 

***. Correlation is significant at the 0.001 level (one-tailed). 

†. For these tasks, lower scores reflect better performance.  
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Online Resource 1: Relationships between the different bimanual test scores within the young and the 

older adults group. 

Young adults 

  
Purdue 

Pegboard 

Simultaneous 

finger 

tapping 

Alternating 

finger 

tapping 

† Choice 

reaction 

time test 

†Visuomotor 

task 

isofrequency 

ratios 

†Visuomotor 

task non-

isofrequency 

ratios 

Purdue Pegboard Pearson 1  .47  .08 -.22  .00 -.00 

 Sig.  0.008 0.66 0.252 0.999 0.989 

Simultaneous  Pearson 

 

1  .39 -.14 -.04 -.06 

finger tapping Sig. 

  

0.031 0.471 0.842 0.737 

Alternating Pearson 

  

1 -.51 -.45  -.57
***

 

finger tapping Sig. 

   

0.005 0.01 0.001 

† Choice reaction Pearson 

   

1  .41  .42 

time test Sig. 

    

0.025 0.02 

† Visuomotor task 

isofrequency ratios 

Pearson 

    

1  .85
***

 

Sig. 

     

0.000 

† Visuomotor task 

non-isofrequency ratios 

Pearson 

     

1 

Sig. 

       

Results reported as being significant survived Bonferroni correction for 15 comparisons. 

**. Correlation is significant at the 0.01 level (two-tailed). 

***. Correlation is significant at the 0.001 level (two-tailed). 

†. For these tasks, lower scores reflect better performance. 

Scores in light grey represent correlations between subscores of the same task. 
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Older adults 

 

Purdue 

Pegboard 

Simultaneous 

finger 

tapping 

Alternating 

finger 

tapping 

† Choice 

reaction 

time test 

†Visuomotor 

task 

isofrequency 

ratios 

†Visuomotor 

task non-

isofrequency 

ratios 

Purdue Pegboard Pearson 1  .21 -.13 -.26 -.37 -.38 

 Sig. 

 

0.256 0.486 0.179 0.039 0.03 

Simultaneous  Pearson 

 

1   .60
***

 -.2 -.34 -.34 

finger tapping Sig. 

  

0.000 0.316 0.061 0.058 

Alternating Pearson 

  

1 -.27  -.52
**

  -.52
**

 

finger tapping Sig. 

   

0.157 0.002 0.002 

† Choice reaction Pearson 

   

1  .36  .36 

time test Sig. 

    

0.057 0.054 

† Visuomotor task 

isofrequency ratios 

Pearson 

    

1   .92
***

 

Sig. 

     

0.000 

† Visuomotor task 

non-isofrequency ratios 

Pearson 

     

1 

Sig. 

       

Results reported as being significant survived Bonferroni correction for 15 comparisons. 

**. Correlation is significant at the 0.01 level (two-tailed). 

***. Correlation is significant at the 0.001 level (two-tailed). 

†. For these tasks, lower scores reflect better performance. 

Scores in light grey represent correlations between subscores of the same task. 
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Figures 

 

Fig. 1 Experimental setup. (a) Choice reaction time test. The condition in which participants 

had to lift both hands simultaneously is displayed on the computer screen. (b) Bimanual visuomotor 

task. Please note that during the experiment, both hands were covered with a horizontal table-top 

bench (c) Schematic representation of the bimanual visuomotor task. The 20 target pathways are 

represented: 4 different coordination patterns and 5 frequency ratios (3:1, 2:1, 1:1, 1:2, 1:3) between 

the left and right hand 
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Fig. 2 Inspection of the raw data. Axial view of a representative dataset of an older subject, 

before correction for subject motion and eddy current induced geometric distortions. (a) Non-diffusion 

weighted image. (b) Diffusion weighted image. (c) Mean diffusivity. (d) Color-coded fractional 

anisotropy. (e) Fractional anisotropy. (f) Diffusion tensor residual map (yellow = high residuals; red = 

low residuals) 

 

 

Fig. 3 The corpus callosum (CC) of a sample subject divided into seven subregions: 

prefrontal (yellow), premotor (red), primary motor (light blue), primary sensory (orange), parietal 

(dark blue), temporal (purple) and occipital (green). (a) All reconstructed callosal fibers comprising 

bundles projecting into the 7 subregions. (b) Midsagittal fiber bundle segments for each CC subregion, 

displayed on a T1 image. Mean values of fractional anisotropy, axial diffusivity and radial diffusivity 

were obtained from these midsagittal segments only 

 

 

Fig. 4 Bimanual motor performance means ± standard error. (a) Number of taps on the 

simultaneous and alternating finger tapping test. (b) Target deviation on the isofrequency and non-
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isofrequency ratios of the visuomotor task, lower target deviations represent better performance. ***p 

< 0.001, for comparisons between the young and older adults 

 

 

Fig. 5 Diffusion parameter means ± standard error as a function of age group and corpus 

callosum (CC) subregion. Results reported as being significant survived Bonferroni correction for 7 

comparisons. ***p < 0.001, for comparisons between the young and older adults 
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Fig. 6 Plots indicating the relationships between fractional anisotropy (FA) of specific corpus 

callosum subregions and the bimanual motor task scores in young adults (YA, grey) and older adults 

(OA, black). Only correlations that were significant in the older adults group, surviving family-wise 

Bonferroni correction, are shown. †For these tasks, lower scores reflect better performance 

 


