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Enhanced structural connectivity 
within the motor loop 
in professional boxers prior 
to a match
Yuichi Ogino 1,8*, Hiroaki Kawamichi 1,8, Daisuke Takizawa2, Sho K. Sugawara3, 
Yuki H. Hamano4, Masaki Fukunaga 4, Keiko Toyoda 6, Yusuke Watanabe5, Osamu Abe 5, 
Norihiro Sadato 4, Shigeru Saito1 & Shigeru Furui7

Professional boxers train to reduce their body mass before a match to refine their body movements. 
To test the hypothesis that the well-defined movements of boxers are represented within the motor 
loop (cortico-striatal circuit), we first elucidated the brain structure and functional connectivity 
specific to boxers and then investigated plasticity in relation to boxing matches. We recruited 21 male 
boxers 1 month before a match (Time1) and compared them to 22 age-, sex-, and body mass index 
(BMI)-matched controls. Boxers were longitudinally followed up within 1 week prior to the match 
(Time2) and 1 month after the match (Time3). The BMIs of boxers significantly decreased at Time2 
compared with those at Time1 and Time3. Compared to controls, boxers presented significantly higher 
gray matter volume in the left putamen, a critical region representing motor skill training. Boxers 
presented significantly higher functional connectivity than controls between the left primary motor 
cortex (M1) and left putamen, which is an essential region for establishing well-defined movements. 
Boxers also showed significantly higher structural connectivity in the same region within the motor 
loop from Time1 to Time2 than during other periods, which may represent the refined movements of 
their body induced by training for the match.

Plasticity is an intrinsic property of the human  brain1 and refers to structural or functional changes (which may 
trigger each other) that occur in the human brain to adjust to changes in the external or internal  environment2,3. 
Recently, because physical training and learning skills alter the human brain structure, there has been a growing 
interest in the study of the structural and functional plasticity of elite athletes’ brains, which results in exceptional 
performance through  training4,5. Brain structure differs among different sports because different motor and 
cognitive abilities are required for each type of  sport6. Training also induces structural changes corresponding 
to the required skill for each  sport7. For example, after training, jugglers showed increased gray matter volume 
(GMV) in the mid-temporal cortex, the brain area responsible for analyzing visual  movement8. However, the 
jugglers in the  study8 were non-athlete volunteers, and the training for juggling was not training for a match 
that would discriminate between “winners” and “losers.” To achieve victory in a match, appropriate and elabo-
rate training is required  beforehand9–11. From this viewpoint, the neural correlates underlying training before a 
match should be investigated.

For approximately 1 month before the weigh-in (24 h before the match), professional boxers undergo physical 
training to reduce their body weight and restrict their oral intake to compete in several pre-designated weight 
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divisions (body mass is used as a proxy for body size)9–12. The significance of weight reduction for boxers before 
a match is described by the Japanese Boxing Commission (JBC), the governing body of Japan’s professional 
boxing league (https:// www. jbc. or. jp/), to refine the accurate and smooth movements by trimming off excess 
body fat. The “increasing well-defined movement of the body” in boxers can be defined as the smoothness of the 
sequential motor movements acquired through skill  training13. For instance, the one-two combination punch (a 
left jab and a straight punch of the dominant right arm) is a representative sequential motor movement in the 
training of  boxers14. The smoothness of the body movement is highly correlated and represented by neuronic 
activity in the distributed network of the cortico-striatal circuit (also called the “motor loop”). This circuit 
mainly involves the striatum, thalamus, and motor cortical regions (premotor area, supplementary motor area, 
and primary motor area)15,16. When a motor skill is well learned and acquired, the representation of the motor 
sequence is distributed within the motor  loop17,18. The well-defined movement acquired by motor skill training 
has also been shown to be associated with an increase in myelin, as measured by diffusion-weighted imaging 
(DWI), suggesting that the skilled movement increases structural connectivity in white matter in addition to 
improving functional  connectivity19.

Thus, we hypothesized that the heightened well-defined movements of the body of boxers before the match 
would be represented by enhanced functional and structural connectivity within the motor loop. We first elu-
cidated the brain structure specific to boxers. Then, we investigated their functional and structural plasticity 
around the time of the match. To elucidate the boxer-specific brain structure, voxel-based morphometry (VBM)20 
was conducted to examine the structural differences between boxers and age-, sex-, and BMI (body mass index: 
weight [kg/height  [m]2)-matched non-athlete controls. Based on the results of the VBM analysis, we then con-
ducted seed-based functional connectivity  analyses21 of resting-state functional magnetic resonance imaging 
(rs-fMRI) data to elucidate boxers’ specific functional connectivity. We then investigated the brain plasticity 
of functional and structural connectivity in boxers by measuring the following three time points: 1 month 
before a match (Time1), within 1 week of the match (Time2), and 1 month after the match (Time3) (Fig. 1). We 
anticipated that any structure specific to boxers would be represented in the brain regions associated with motor 
skill training and that boxers’ functional and structural connectivity within the motor loop would be enhanced 
before the match.

Results
BMI and match results. The BMIs of boxers were as follows: 21.9 ± 4.0 at Time1, 20.6 ± 1.1 at Time2, and 
22.3 ± 1.4 at Time3, while the BMIs of the controls were 21.4 ± 1.6 (Fig. 2). The BMI decrease in boxers from 
Time1 to Time2 was − 1.37 ± 0.7. The BMIs of boxers were significantly decreased in Time2 [F(2, 59) = 10.21, 
p < 0.01] in repeated measures ANOVA. Bonferroni correction was used for post-hoc analysis. The demograph-
ics of the participants are presented in Table 1. A total of 21 match outcomes were as follows: 14 wins, one draw, 
and six defeats.

Figure 1.  General design. We included 21 licensed male boxers and 22 age-, sex-, and BMI-matched controls. 
We followed up boxers at time points Time2 and Time3. All imaging statistical thresholds for VBM and rs-fMRI 
were set to uncorrected p < 0.001 at the voxel level, and FWE-corrected p < 0.05, at the cluster level. FWE, family-
wise error; rs-fMRI, resting-state functional magnetic resonance imaging; VBM, voxel-based morphometry.

https://www.jbc.or.jp/
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VBM results. Compared with controls, boxers showed significantly larger GMV in the left putamen in the 
striatum [top peak = (− 22, − 18, − 5); cluster FWE-corrected p = 0.016; number of voxels = 1,299], and the left 
orbitofrontal cortex (OFC) [top peak = (21, 2, − 6); cluster FWE-corrected p < 0.001; number of voxels = 1,969] in 
contrast [Boxers (Time1) > Controls]. Otherwise, we did not find any significant clusters in the opposite contrast 
[Controls > Boxers (Time1)] (Fig. 3 and Table 2).

Figure 2.  Body mass index of controls and boxers. The boxer BMI at Time2 was significantly decreased [F(2, 
59) = 10.21, p < 0.01] in repeated measures ANOVA. Bonferroni correction was used for the post-hoc analysis. 
BMI, body mass index; n.s., not significant.

Table 1.  Controls and boxers (Time1, Time2, and Time3). Controls were non-athlete male participants age-, 
sex-, and BMI-matched with boxers at Time1. The BMI at Time2 was significantly decreased [F(2, 59) = 10.21, 
*p < 0.01] in repeated measures ANOVA. Bonferroni correction was used for the post-hoc analysis. BMI, body 
mass index; N, number of participants; Time1, 1 month before the match; Time2, within 1 week before the 
match; and Time3, 1 month after the match.

Controls Boxers Time1 Boxers Time2 Boxers Time3

N 22 21

Age 27.2 ± 3.8 26.7 ± 4.0

BMI 21.4 ± 1.6 21.9 ± 4.0 20.6 ± 1.1 * 22.3 ± 1.4

Handedness All right-handed All right-handed

Stanford Sleepiness Scale 2.5 ± 1.1 2.8 ± 0.6 2.9 ± 0.8 2.7 ± 1.0

Figure 3.  Boxers’ specific structural anatomy ([Boxers (Time1) > Controls]). The location of a significantly 
larger cluster in the left OFC and left putamen of boxers are shown as red and blue regions, respectively, on the 
z-axis. The statistical threshold for significant differences was set to FWE-corrected p < 0.05, at the cluster level, 
with uncorrected p < 0.001 at the voxel level. Lt, left; OFC, orbitofrontal cortex.
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rs-fMRI results. We compared the rs-fMRI data between boxers and controls to elucidate the functional 
connectivity specific to boxers. When seeding the left putamen cluster (Fig. 4b and Table 3), the contrast [Box-
ers [(Time1) > Controls] demonstrated a significant difference in functional connectivity between the left puta-
men (seed) and the following regions: the right inferior frontal gyrus (IFG) [top peak = (58, 14, 12); cluster 
FWE-corrected p < 0.001; number of voxels = 692], left primary motor cortex (M1) located in the precentral 
gyrus [top peak = (− 54, 4, 14); cluster FWE-corrected p < 0.001; number of voxels = 608], and left postcentral 
gyrus (postCG) [top peak = (− 42, − 38, 54); cluster FWE-corrected p = 0.006; number of voxels = 236]. When 
seeding the left OFC (Fig. 4a and Table 3), in the same contrast [Boxers [(Time1) > Controls], we found a sig-
nificant difference in functional connectivity between the left OFC cluster (seed) and the following regions: the 
left hippocampus [top peak = (− 24, − 14, − 26); cluster FWE-corrected p = 0.033; number of voxels = 175] and 
the right middle temporal gyrus (MTG) [top peak = (60, − 40, − 4); cluster FWE-corrected p = 0.040; number of 
voxels = 168]. Otherwise, we did not find any significant difference in functional connectivity in the opposite 
contrast [Controls > Boxers (Time1)]. In addition, there was no significant difference in the functional con-
nectivity in the contrasts [Boxers (Time2) > Boxers (Time1)] and [Boxers (Time2) > Boxers (Time3)], that is, no 
significant change in the functional connectivity in boxers was observed.

Table 2.  Boxers specific anatomical structures ([Boxers (Time1) > Controls]). The statistical threshold for 
significant differences was set at FWE corrected p < 0.05, at the cluster level with uncorrected p < 0.001 at the 
voxel level. Lt, left; OFC, orbitofrontal cortex.

Cluster FWE p Cluster size t Value Peak (x, y, z)

Lt. OFC  < 0.001 1969

5.80 (− 18, 29, − 20)

5.65 (− 24, 27, − 18)

5.63 (− 27, 36, − 21)

Lt. putamen 0.016 1299
5.55 (− 22, − 18, − 5)

5.08 (− 27, − 26, − 2)

Figure 4.  Boxers’ specific functional connectivity ([Boxers (Time1) > Controls]). (a) The statistical contrast 
between boxers and controls when seeding the left OFC (shown in red) delineated significant functional 
connectivity with the left hippocampus and the right MTG (shown in yellow colour respectively). (b) The 
statistical contrast between boxers and controls when seeding the left putamen (shown in blue) delineated 
significant functional connectivity with the left M1 cluster including the left premotor and anterior insular 
cortex, the left postCG, and Rt. IFG cluster including the right anterior insular cortex (shown in cyan colour 
respectively). The statistical threshold for significance was set at FWE-corrected p < 0.05 at the cluster level, with 
an uncorrected p < 0.001 at the voxel level. Lt, left; Rt, right; M1, primary motor cortex; MTG, middle temporal 
gyrus; postCG, postcentral gyrus; IFG, inferior frontal gyrus.
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In a regression analysis between the BMI reduction data and functional connectivity data for seeding the 
putamen cluster at Time2, boxers showed significant BMI decreases covaried with functional connectivity 
between the putamen and brain regions, such as the left insula [top peak = (− 40, 2, 12); cluster FWE-corrected 
p < 0.001; number of voxels = 8897], right insula [top peak = (36, 6, 8); cluster FWE-corrected p < 0.001; number 
of voxels = 7927], cingulate gyrus (dorsal part of the anterior cingulate cortex) [top peak = (36, 6, 8); cluster 
FWE-corrected p < 0.001; number of voxels = 2463], and left M1 cluster [top peak = (− 30, − 4, 50); cluster FWE-
corrected p = 0.002; number of voxels = 293) (Fig. 5 and Table 4).

Table 3.  Boxer specific functional connectivity ([Boxers (Time1) > Controls]). The statistical threshold for 
significant differences was set at FWE corrected p < 0.05, at the cluster level with uncorrected p < 0.001 at the 
voxel level. Lt, left; Rt, right; MTG, middle temporal gyrus; IFG, inferior frontal gyrus; M1, primary motor 
cortex; postCG, postcentral gyrus.

Cluster FWE p Cluster size t Value Peak (x, y, z)

Seed: Lt. OFC

Lt. hippocampus 0.033 175
5.05 (− 24, − 14, − 26)

3.70 (− 26, − 24, − 20)

Rt. MTG 0.040 168

4.18 (60, − 40, − 4)

4.07 (52, − 38, 12)

3.90 (52, − 44, 2)

Seed: Lt. putamen

Rt. IFG  < 0.001 692

6.97 (58, 14, 12)

4.30 (50, 6, 14)

4.06 (40, 10, 4)

Lt. M1  < 0.001 608

5.21 (− 54, 4, 14)

4.06 (− 44, 4, 12)

3.98 (− 58, 12, 4)

Lt. postCG 0.006 236

4.76 (− 42, − 38, 54)

3.92 (− 48, − 30, 38)

3.61 (− 56, − 28, 40)

Figure 5.  The functional connectivity area correlated with BMI decrease in Time2. The functional connectivity 
area (shown in red) that correlated with a decrease in BMI, seeding the left putamen cluster (shown in blue) 
at Time2, is shown. The M1 cluster is indicated by a red arrow. Using the eigenvariate function in SPM, we 
extracted the average beta value (as the functional connectivity value) in the sphere of an 8-mm radius (16-mm 
diameter) located at the peak of the left M1 cluster, based on our hypothesis testing the representation within the 
motor loop of boxers. The right scatter graph indicates a significant correlation  (R2 = 0.3076, [p = 0.011]) between 
the decrease in BMI and the average beta value within the sphere of the left M1 cluster at Time2. BMI, body 
mass index; M1, primary motor cortex; SPM, statistical parametric mapping.
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DWI results. Based on the results of the functional connectivity analysis, we calculated the number of 
streamlines (structural connectivity strength) in controls and boxers (Time1, Time2, and Time3) from two seed 
regions (the left OFC or the left putamen) to the following five target regions (Fig. 6a): 1. the left hippocampus 
(from the left OFC), 2. the right MTG (from the left OFC), 3. the left postcentral gyrus (from the left puta-
men), 4. the left M1 (from the left putamen) and 5. the right IFG (from the left putamen). Figure 6b illustrates 
a representative image of tractography results from the left putamen to the left M1 for a subject, and Fig. 6c 
illustrates the number of streamlines from the left putamen to the left M1 in boxers (Time1, Time2, and Time3) 
and controls. A significant increase in the number of streamlines between the left M1 and the left putamen was 
found uniquely between Time1 and Time2 (Fig. 6c) [F(2, 40) = 4.76, p = 0.02] in repeated measures ANOVA. 
Bonferroni correction was used for the post-hoc analysis. No significant change in the number of streamlines in 
other contrasts was found.

Discussion
Boxers showed enhanced structural connectivity between the M1 and putamen within the motor loop before the 
match (from Time1 to Time2). As discussed below, we suggest that the current findings may represent physi-
cally reinforced well-defined movements of the body of the boxer, induced by training with weight reduction 
for the match.

Boxing is a sport that comprises a wide variety of sequential movements, including offensive, defensive, and 
counterattack  skills14. The M1 (located in the precentral gyrus) is the primary site for movement  generation22,23. 
Functional and structural changes occur in M1 during motor skill  training17. For example, rigorous motor skill 
training in athletes induces an expansion of the proximal muscle representation in the M1 contralateral to the 
dominant  arm24. The smoothness of the movement is represented by the neuronal activity in the motor  loop15,16. 
M1 plays an especially important role in the smoothness of movement, as well as in the acquisition and optimiza-
tion of a novel series of inter-related movements induced by repeated motor skill  training13,25. Such well-trained 
smooth movement is accurate and well-defined, leading to performance  improvement13.

We first showed that one of the specifically altered brain structures in boxers was the left putamen (Fig. 3). The 
putamen of the basal ganglia is the main corticostriatal input  station26. Neurophysiological studies have identi-
fied the putamen, together with the M1 and cerebellum, to be the major brain regions involved in motor skill 
 learning26. The essential brain module dedicated to motor sequence learning resides in the  putamen13. Together 
with a previous finding that increased GMV in the putamen was accompanied by repetitive motor skill training 
in  athletes27, it is conceivable that boxers’ higher GMV in the putamen, relative to controls, would be the result 
of repeated motor skill training before a match.

Boxers exhibited significantly enhanced structural connectivity between the M1 and putamen within the 
motor loop before the match (from Time1 to Time2) (Fig. 6). The putamen exhibits a somatotopic organization 
from the forelimb region of the M1 in monkeys, indicating functional and structural connectivity between the 
M1 and putamen within the motor  loop28. Doyon et al.29 reviewed human functional neuroimaging studies that 
demonstrated that as motor skill training gradually progresses and consolidates, the contribution between the 
M1 and putamen progressively increases and enables sequential movements, indicating that the connectivity 
between the M1 and putamen is crucial for establishing the well-defined physical movements induced by motor 
skill training. Larger white matter volume has often been associated with higher motor skill  training30. Thus, we 
suggest that the enhanced structural connectivity in the white matter before the match is a representation of the 
well-defined movements of the body induced by motor skill training for the match in boxers.

Table 4.  The functional connectivity area correlated with BMI decrease seeding the left putamen cluster at 
Time2. We present only the significant brain regions within the cerebral cortex (excluding the cerebellum 
and brainstem clusters for presentation purposes). The statistical threshold for significant differences was 
set at FWE corrected p < 0.05, at the cluster level with uncorrected p < 0.001 at the voxel level. ACC, anterior 
cingulate cortex; BMI, body mass index; FWE, family-wise error; Lt, left; Rt, right; M1, primary motor cortex.

Cluster FWE p Cluster size t Value Peak (x, y, z)

Lt. insula  < 0.001 8897

11.90 (− 40, 2, 12)

9.23 (− 28, 12, 4)

9.05 (− 38, 6, − 2)

Rt. insula  < 0.001 7927

8.42 (36, 6, 8)

8.36 (62, 14, 18)

7.94 (32, − 16, 8)

Cingulate gyrus (dorsal part of ACC)  < 0.001 2463

7.73 (− 10, 8, 48)

7.28 (− 2, 6, 52)

7.07 (− 6, 4, 40)

Lt. M1 0.002 293

6.67 (− 30, − 4, 50)

6.04 (− 34, − 14, 46)

5.27 (− 34, − 4, 42)
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In addition, we found that controls (non-athletes who did not undergo daily training) had equivalent num-
bers of streamlines from the left putamen to Lt. M1 as boxers did at Time2 (Fig. 6b). In this regard, one  review30 
described the interpretation of white matter plasticity findings in elite athletes and controls as “challenging.” For 
example, compared to controls, professional ballet dancers have been found to have lower white matter volume 
and lower fractional anisotropy underlying motor skill  training31. Variables such as the sports discipline in 
question, the amount of training, training content, training stage, or strategy might underlie the discrepancies 
among the  studies30. Histologically, de novo myelination in the white matter with long timescales, such as weeks 
or months, has been found to be important for motor skill  training32,33. Therefore, longitudinal observation in 
such timescales is a crucial factor for assessing white matter plasticity using MRI  measures30, as we present here 
in boxers.

Sensorimotor coordination in boxers is also worth discussing. When training a new motor sequence, we 
must execute the correct order of movements while simultaneously optimizing sensorimotor parameters, such as 
trajectory, timing, velocity, and force, otherwise known as sensorimotor  coordination17,26. In the current rs-fMRI 
results, the M1 cluster contains activation not only in the precentral gyrus but also in the premotor cortex and 
anterior insular cortex (Fig. 4b). Although we labeled the identified cluster “M1” because the cluster contains the 
most active voxels, in the precentral gyrus, the peak coordinates (− 54, 4, 14) in the “M1” cluster (Table 3) reside 
in the ventral premotor  cortex34. The ventral premotor cortex is directly connected to the precentral gyrus and 
receives rich input from the second somatosensory area and the anterior insular  cortex35. This area is also known 
to be important for sensorimotor coordination, especially visuo-motor  coordination35,36. In monkeys, electrical 
stimulation of this area causes an apparent defensive movement as if protecting the body, suggesting that the 
ventral premotor region may play a role in maintaining a safety margin around the body and guiding the move-
ment in response to nearby objects with sensory-motor  coordination37. In addition, activation in the precentral 
gyrus in the M1 cluster was located dorsal to that of the ventral premotor cortex (Fig. 4b). From a traditional 
somatotopic view of the human M1, the current precentral activation corresponds to the lip, tongue, and face as 
ventral sensorimotor  cortex38 or borderline  hand39. However, such a somatotopic map in the M1 becomes more 
overlapping as we learn coordinated movements, suggesting that the M1 may participate in integrating muscles in 
meaningful ways rather than in segregating the control of individual  muscles40,41. In a mapping study, polysensory 

Figure 6.  Diffusion tractography and the number of streamlines from the Lt. putamen to Lt. M1. (a) Seed and 
target brain regions used in diffusion tractography analysis are shown in red; These region-of-interests were 
defined based on the results from group-level analyses in the resting-state functional connectivity: from Lt. 
OFC (seed) to Lt. hippocampus and right MTG, and from Putamen (seed) to Lt. M1, Lt. postcentral gyrus and 
right IFG. b) Representative images of tractography results from the Lt. Putamen to Lt. M1 for a subject, are 
illustrated. Streamlines were originally drawn in native space, and then were transformed into MNI space. (c) 
The number of streamlines from the Lt. putamen to Lt. M1 in controls and boxers (Time1, Time2, and Time3). 
Only the number of streamlines from Lt. putamen to Lt. M1 between Time1 and Time2 in boxers shows a 
significant increase [F(2, 40) = 4.76, p = 0.02] in repeated measures ANOVA. Bonferroni correction was used in 
post-hoc analysis. Lt, left; OFC, orbitofrontal cortex; M1, primary motor cortex; MTG, middle temporal gyrus; 
IFG, inferior frontal gyrus; ANOVA, analysis of variance.
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neurons, which respond to tactile, visual, and auditory stimuli, were found to be clustered in the precentral gyrus, 
dorsal to the ventral premotor cortex (the same position as that of current precentral activation in the M1 cluster), 
suggesting that the current zone in the precentral gyrus plays an important role in sensorimotor  coordination42. 
Additionally, electrical stimulation of this precentral zone evokes a specific set of movements typically used to 
defend the body from objects that are near  approaching42. Sensorimotor coordination and defensive movements 
are required for boxer training. Therefore, we consider that the current activation in the M1 cluster represents 
activation associated with sensorimotor coordination, especially with defensive movements in boxers before the 
match, rather than the somatotopic representation of the body parts.

In contrast to the enhanced structural connectivity observed in boxers in this study, we could not find any 
functionally corresponding enhanced changes between the M1 cluster and putamen from Time1 to Time2. 
Boxers instead showed a correlation between BMI reduction and average beta value within M1 in the functional 
connectivity area, seeding the putamen at Time2 (within 1 week prior to a match; Fig. 5). These findings imply 
that the functional connectivity between the M1 cluster and putamen in boxers was associated with training 
and weight reduction before the match.

It is important to discuss another specific finding in boxers: the OFC (Fig. 3). The OFC has been regarded as 
the strongest brain region linking food intake, appetite, and other types of rewards and hedonic  experiences43. 
In humans and higher primates, the OFC receives multimodal information about the sensory properties of food, 
representing incentive salience, hedonic impact, and subjective hedonic  experience44. The subjective pleasant-
ness of food is represented in the OFC, together with the reward value of taste, olfactory, and somatosensory 
components of  food44. Similarly, the OFC encodes food reward value only when hunger is  present45. Body 
mass regulation in boxing creates a number of unique challenges, and practices related to the manipulation of 
body mass before the match must be integrated into diet strategies and performance  considerations11. Boxers 
typically reduce their weight by continuous physical training and restricting oral intake in both the short- and 
long-term, prior to the weigh-in9–11. The boxer’s typical approach to weight reduction usually results in a 5–6 kg 
average weight reduction via severe acute and chronic energy restriction and  dehydration46. Hunger is the most 
frequently mentioned claim during weight  reduction47. In the current rs-fMRI results, the left OFC of boxers 
showed significant functional connectivity with the left hippocampus and right MTG (Table 3). The hippocampus 
is not only central to memory but is also involved in appetite by monitoring the state of hunger and satiety in 
 humans48. The MTG also has a functional interaction with the OFC in long-term memory, especially with regard 
to food  stimuli49,50. Therefore, we suppose that the higher GMV in OFC than controls might represent the strong 
hunger and food craving observed during the weight reduction period in boxers, and boxers’ OFC might have 
functional connectivity with the regions associated with appetite and food memory.

Future investigations into the physical and physiological attributes of boxers are required to enrich the current 
data set. Because the strategies before a match in combat sports are generally associated with multiple factors, 
such as diet, training strategies, and time  management10, the relationship between weight reduction before the 
match and athletes’ performance improvement would be qualitative assessments. Nevertheless, future studies 
may require real quantitative performance values and psychological values, such as hunger or distress before 
the match, as well as event-related potentials in a go/no-go task of professional fencers and  boxers51, hand speed 
measurement in  boxers52, or reaction time and punch analysis in  boxers53. Such measurements could enable us 
to validate the correlations between these physiological performance values (improvement) and brain plasticity 
in athletes.

In conclusion, boxers showed enhanced structural connectivity between the M1 and putamen within the 
motor loop before the match. We suggest that the current findings might represent physically reinforced well-
defined movements of the body of the boxer, induced by training with weight reduction for the match. The 
current finding might provide a newly grounded significance of the training accompanying weight reduction 
before a match for a combat sports match.

Methods
General design and participants. A cross-sectional and longitudinal approach was used to test our 
hypothesis, as shown in Fig. 1. Two groups of participants (boxers and controls) were recruited. The boxer group 
consisted of 21 male professional licensed boxers from the Japanese Boxing Commission (aged 26.7 ± 4.0 years), 
who had experienced 13.4 ± 8.9 professional matches before enrolment in this study (data are presented as 
means ± standard deviation, unless otherwise indicated). The control group consisted of 22 healthy non-athletic 
males (aged 27.2 ± 3.8 years). Controls were age-, sex-, and BMI-matched with boxers. These inclusion criteria 
for controls were based on previous studies in the sports domain, especially after findings showing that BMI 
correlates with regional  morphology54,55. Boxers underwent MRI scanning at three time points for longitudinal 
investigation: Time1 (1 month before the match), Time2 (within 1 week before the match), and Time3 (1 month 
after the match), while controls underwent scanning only once. The Time3 measurements were conducted to 
explore whether the boxer’s BMI would reverse after the match as an indicator of their training load after the 
match, based on the results of a previous study on marathon  runners56.

All participants were right-handed according to the Edinburgh Handedness  Inventory57, with no history of 
psychiatric or neurological disorders. All participants received monetary compensation for their time. The proto-
col was approved by the ethical committee of Teikyo University, Tokyo, Japan (UMIN000017635). All participants 
completed the Stanford Sleepiness Scale, which examines drowsiness before MRI scanning (a seven-grade evalu-
ation)58. All participants provided written informed consent and underwent weight and height measurements 
immediately before MRI scanning.
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Imaging measurement protocol. All MRI data were acquired using a 3 T scanner (MAGNETOM Skyra; 
Siemens, Ltd., Erlangen, Germany) at Teikyo University. Each participant’s head was immobilized within a 
20-channel phased-array head coil. The total experiment time was approximately 45 min, including body weight 
and height measurements, and the MRI scan (total imaging acquisition time was 30 min 22 s).

VBM. Whole-brain high-resolution T1-weighted anatomical MRI scan using a magnetization prepared 
rapid acquisition gradient echo (MP-RAGE) was conducted on each participant (echo time [TE] = 2.28  ms; 
repetition time [TR] = 2,300  ms; field of view [FOV] = 256  mm × 256  mm; flip angle [FA] = 9°; matrix 
size = 1 mm × 1 mm × 1 mm; slice thickness = 1 mm; and slice numbers = 240 coronal slices).

rs-fMRI. rs-fMRI scans were obtained while participants were resting comfortably in the scanner with their 
eyes open for a period of 6 min 15 s, using an echo planar imaging (EPI) gradient-echo sequence (TE = 30 ms; 
TR = 2,500 ms; FOV = 212  mm2 × 212  mm2; FA = 80°; matrix size = 3.31 mm × 3.31 mm × 4 mm; 40 slices; slice 
thickness = 3.2 mm; total number of volumes = 148).

DWI. Diffusion-weighted spin echo EPI sequence scans were obtained with 2.0  mm slice thickness and a 
reconstructed image matrix = 1 mm × 1 mm × 2 mm (TE = 71 ms, TR = 10,400 ms, FOV = 220 mm × 220 mm, 
FA = 90°, b-value = 1,000 s/mm2, bandwidth = 1818 Hz/pixel; slice numbers = 80 transverse slices without inter-
slice gap, covering the whole brain). Diffusion was measured in 30 non-collinear directions with a b-value of 
1000 s/mm2, followed by a non-diffusion-weighted volume (reference volume).

Data processing and statistical analyses. VBM. For voxel-based morphometry, the VBM8 toolbox 
(revision 435) implemented in Statistical Parametric Mapping (SPM) 8 (revision 5236; The Wellcome Trust 
Centre for Neuroimaging; www. fil. ion. ucl. ac. uk/ spm) was  applied20,59. Structural images were corrected for bias-
field inhomogeneity and spatially normalized with diffeomorphic anatomical registration through exponenti-
ated Lie algebra (DARTEL) to the Montreal Neurological Institute (MNI) template. Tissues were classified as 
gray matter, white matter, or cerebrospinal fluid. In the modulation process, nonlinear deformation was used for 
normalization so that voxel intensities reflected regional GMVs adjusted for individual brain sizes. Images were 
then smoothed to a Gaussian kernel with a full width at half maximum (FWHM) of 8 mm.

After pre-processing the structural images, we conducted a group analysis. We further conducted a whole-
brain analysis to investigate GMV differences between the groups using a two-sample t-test, using age as the 
’effects of no interest.’ The statistical threshold of significant difference was set at the family-wise error (FWE) 
corrected p < 0.05 at the cluster level, with uncorrected p < 0.001 as a cluster-forming threshold using the non-
stationary  correction60. The clusters identified in the group analysis were labeled using the Talairach  daemon61 
after accounting for the discrepancy between the MNI space and Talairach  space62. Significant clusters specific to 
boxers were revealed by the contrasts [Boxers (Time1) > Controls] and [Controls > Boxers (Time1)] were defined 
as the seed regions for the following longitudinal connectivity analysis.

rs-fMRI. The functional images were pre-processed using SPM8 (revision 5236; The Wellcome Trust Centre 
for Neuroimaging). The first four volumes of each resting-state fMRI run were discarded to allow the blood-
oxygen-level-dependent (BOLD) signal to reach a steady state. After performing motion correction, we used 
Fourier phase-shift interpolation to correct the slice timing of each image to the middle slice. The mean of 
the realigned EPI images was then co-registered with the T1-weighted MP-RAGE image. Subsequently, the 
co-registered T1-weighted MP-RAGE image was normalized to the MNI template using linear and nonlinear 
three-dimensional transformations. The parameters from this normalization process were applied to each EPI 
image. Finally, the anatomically normalized EPI images were resampled to a voxel size of 2 mm × 2 mm × 2 mm 
and spatially smoothed using a Gaussian kernel of 8 mm FWHM. After realignment, we examined head move-
ment parameters.

After pre-processing the functional images, we conducted a functional connectivity analysis using the CONN 
toolbox (version 15.h) on SPM8. In the functional connectivity analysis, we set the clusters as seed regions based 
on the cross-sectional VBM analysis above. Using the CONN toolbox, we conducted a seed-driven functional 
connectivity analysis (seed-to-voxel analysis) in which Pearson’s correlation coefficient was calculated between 
the seed time course and the time course of all other  voxels63. The correlation coefficients were then converted 
to normally distributed scores using Fisher’s transformation to allow for general linear model analysis, using the 
same significance threshold (FWE corrected p < 0.05 at the cluster level, with uncorrected p < 0.001 at the voxel 
level). Differences between groups were assessed using t-tests. To elucidate the functional connectivity specific 
to boxers, we compared boxers with controls [Boxers (Time1) > Controls] and [Controls > Boxers (Time1)]. To 
investigate enhanced functional connectivity within the motor loop before the match, we conducted the following 
contrasts: [boxers (Time2) > boxes (Time1)] and [boxes (Time2) > boxes (Time3)]. Furthermore, to investigate 
the effect of weight reduction on functional connectivity at the time point before the match (Time2), we also 
conducted a regression analysis using the BMI reduction data ([boxers’ BMI in Time2] minus [boxers’ BMI in 
Time1]) and Time2 functional connectivity data. In the regression analysis, we defined BMI decrease as an effect 
of interest, sex, and age as the effects of no interest. The clusters identified were labeled using automated anatomi-
cal labeling (AAL)  atlases64 implemented in CONN. We adopted the label of the AAL atlas, whose region was the 
most covered with voxels in the identified cluster. This labeling procedure is because the cluster correction we 
adopted (FWE-corrected p < 0.05 at the cluster level) measures in units of contiguous voxels and is determined 
based on the estimated distribution of cluster sizes, rather than the location of the peak  coordinate65.

http://www.fil.ion.ucl.ac.uk/spm
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DWI. Individual DWI data were pre-processed using the Diffusion Toolbox in the FMRIB Software Library 
(FSL: www. fmrib. ox. ac. uk/ analy sis)66,67. Motion and eddy-current corrections were performed using affine 
registration of the b0 images. The skull and non-brain tissues were removed using the brain extraction tool. 
Probability density functions for up to two principal fiber directions were estimated at each voxel in the brain 
using the Bayesian estimation of diffusion parameters that were obtained via a sampling technique toolbox 
(BedpostX)68. Finally, to illustrate the streamlines from the seed to the target region, we performed multi-fiber 
probabilistic tractography using ProbtrackX implemented in FSL (maximum number of steps = 2,000, curvature 
threshold = 0.2, step length = 0.5). We drew 5,000 streamlines from each voxel in each seed region to the target 
regions. We defined the seed and target regions based on the results of functional connectivity  analysis69.

To compare the number of streamlines in each white matter pathway between groups or times, we defined the 
mask for each white matter pathway based on the individual streamline maps from each seed to the target region. 
First, the individual tract was defined as the voxels where the number of passing streamlines was above 100 and 
was binarized. Second, we defined group-level masks of each tract as voxels that were included in the individual 
tract from half of the subjects in each group. Then, the mask for each tract was defined as the shared voxels 
between the two group-level tracts (i.e., the boxer’s tract and control’s tract). Finally, the number of streamlines 
was estimated by averaging the number within each mask of the tracts in each individual and at each time point.

Ethics approval. The protocol was approved by the ethical committee of Teikyo University, Tokyo, Japan 
(UMIN000017635).

Data availability
Available from the corresponding author upon reasonable request.
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