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Abstract  A concept of active inference suggested by 

K.Friston (2010, 2011) is considered in motor control as an 

alternative to a concept of optimal control, although they 

both are based on a theory of internal models. In our study, 

we applied the concept of active inference for the 

interpretation of experimental data we obtained in the 

course of elite athletes’ development. To that end we have 

studied tracking movements in elite alpine skiers (n=20), 

who performed several special tests throughout the 

preparation period. At the same time, they did blood tests, 

which revealed time spans characterized by significant 

(p<0.01) shifts in dopamine levels in blood. Dopamine 

served as an indicator of changes in the athletes’ movement 

control system; these changes were related to the execution 

of different training loads, which determined demands on 

the control system. We registered a decrease in prediction 

errors (i.e. difference between “real” errors and predicted 

errors) after the 21-day long training period aimed at 

technique adjustment, if compared to the other 21-day long 

training period aimed at improvement of physical 

capacities. Our study demonstrates the ability of the 

concept of “active inference” to explain differences in the 

empirical data we registered in elite alpine skiers in 

different training periods. According to the concept of 

active inference, alterations in the athletes’ control system 

were caused by changes in somatosensory prediction of the 

movement results that depended on the state of the 

somatomotor system. 
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1. Introduction 

Studies in the field of movement control rely on a few 

theoretical concepts based on the idea that the Central 

Nervus System (CNS) uses internal models. The concept of 

internal models basically originates from control 

engineering and robotics. Ito M [1] suggested that there are 

forward and inverse models of movement control in the 

cerebellum [2]. The most significant works in 

mathematical formalization of the internal model 

hypothesis are those described in the publications by 

Michael I. Jordan, Emanuel Todorov and Daniel Wolpert 

[3,4]. Internal models constitute a theoretical hypothesis 

about informational ties between somatomotor and 

somatosensory systems, which underlie the computational 

capability of the nervous system to learn complex 

movements and perform them in varying conditions of the 

external environment. Forward and inverse internal models 

correspond to forward and inverse dynamics of the motor 

system [2]. The forward model predicts a new state of the 
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locomotor apparatus, while the inverse model develops the 

motor program of a movement. The inverse model 

transfers a motor command, while the forward model 

transforms the efferent copy of the motor command into 

sensory prediction [5] in order to optimize the predicted 

state of the locomotor apparatus according to the demands 

of the inverse model (Figure 1). 

At the end of the last century scientists started to use 

Bayesian decision theory and statistical methods to 

develop models of perception and sensory-motor control 

[6]. The model of control based on the Bayesian decision 

theory was called “active inference” [7] or “prediction 

error minimization theory” [88]. The model relies on the 

idea that the cognitive system minimizes prediction errors 

with the help of motor activity (movements) in order to 

reach the best correspondence between the sensory input 

and the model predictions [8]. The concept of active 

inference asserts that descending signals are predictors of 

sensory outcomes of a movement. The descending signals 

determine sensory paths, which have a fixed point – the 

point of equilibrium, i.e. the signals determine the 

dynamics of a movement (velocity, acceleration, bursts, 

etc.), and not only the position and torque moment in the 

final point [9]. Functions related to mechanical 

expenditures in the active inference model are replaced 

with images related to desirable trajectories of movements 

in external reference systems. The active inference 

transforms the desired (expected) trajectories of 

movements (in an external reference system) into motor 

commands in an internal reference system. In this case the 

inverse task (including stimulation of a specific stretch 

receptor and contraction of a corresponding muscle fiber) 

is transferred to the spinal level [10] (Figure 1). 

Multiple studies have shown that dopamine is involved 

in movement control [2,12]. It is known that the expression 

of the dopamine receptor in the CNS has an effect on motor 

learning in an untrained man (not an athlete) [13]. So far, 

nobody has studied the relationship between the dopamine 

level in blood and tracking movement control in elite 

athletes. Dopamine plays an important role in “active 

inference”. Recent studies have shown that the effect of 

neurotransmitter dopamine may be one of neural coding 

mechanisms of accuracy. Greater accuracy (irrespective of 

coding) means less uncertainty. Uncertainty might be 

coded by postsynaptic reinforcement of neurons that is 

modulated by dopamine. It means that dopamine changes 

the level of uncertainty for various perceptions. From the 

point of view of physiology, it is manifested by short latent 

bursts of dopamine in basal ganglia after any significant 

events, either valuable, or not valuable. In our study we 

tried to apply the concept of active inference to interpret 

the results of our experiment related to tracking movement 

control in alpine skiers. Tracking movements in alpine 

skiing helps an athlete to predict the situation in order to 

react to changes in external conditions on a skiing track and 

adjust movement control in skiing turns. We supposed that 

purposeful use of different training exercises helped alpine 

skiers to improve the control system responsible for 

tracking movements. According to the concept of active 

inference, this improvement was caused by changes in the 

prediction of the movement by the somatosensory system, 

which depended on the state of the somatomotor system. 

 

Figure 1.  Simplified schemes of the differences in functional architecture between the optimal motor control and active inference theories. The solid 

lines denote ascending and dot lines mean descending pathways message passing. (by K. Friston [9,10]) 
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2. Methods 

Twenty (n=20) World Cup participants in alpine skiing 

(10 males and 10 females) took part in the experiment. 

Tests were performed every month in the period from April 

to November; throughout this period the athletes kept a 

record of their daily training loads paying attention to the 

specific character of training exercises. Tests were 

performed on a biomechanical complex with biological 

feedback “Stabilan-01” (OKB “Ritm”, city of Taganrog) 

[14]. Prior to testing every subject signed the informed 

consent form and received detailed instructions related to 

the test procedure. The task was to perform a tracking 

movement while standing on the stabilometric platform in 

the pose of Napoleon (with crossed arms). Only the ankle 

joint had to be involved in the movement. The task was to 

keep marker A, which was a projection of the athlete’s 

pressure center (PC) on the screen, as close as possible to 

marker B, which was spiral spinning from the center to a 

circle, making a few circles and returning back to the 

center along the same trajectory. The speed of the marker B 

was constant and equal to 30 mm per second. 

We registered and analyzed the cumulative and average 

deviation of the CP from the preset trajectory in both 

frontal and sagittal planes, as well as its velocity and the 

travelled path. 

Numerical simulation using Kalman filter or 

Linear-Quadratic Estimator and Linear-Quadratic 

Regulator permitted to estimate the contribution of 

different types of motor errors, as based on the direction (a) 

of the deviation from the preset pattern, based on the effort 

(n) [15]: 

 planning error at
plan 

= at
plan

-at
targ

, nt
plan 

= 

nt
plan

/at
targ

; 

 predicted error, i.e. athlete’s perception on the basis of 

the previous experience, at
perf

 = at
perf

-at
targ

, nt
perf

 = 

nt
perf

/nt
targ

; 

 execution error at
targ

= at
perf

 - at
plan

. 

To quantify dopamine in the athlete’s blood we used 

the method of high-performance liquid chromatography 

with tandem mass spectrometry (HPLC-MS/MS) [16]. 

HPLC-MS/MS method was performed using a 

ultra-fast liquid chromatograph coupled to a triple 

quadrupole mass spectrometer equipped with an external 

source of electrospray ionization with heated flow under 

atmospheric pressure (Shimadzu, Japan). Nitrogen and air 

were used as drying and auxiliary gases. They were fed to 

the system by nitrogen generator LN25/36 (LabTech, 

Italy). 

Separation was achieved using Zorbax Eclipse 

XDB-C18 column (150×4.6 mm, 5 µm) coupled with 

Zorbax Eclipse XDB-C18 guard column (12.5× 4.6 mm, 5 

µm) (Agilent Technologies, USA). Chromatographic 

separation was performed in the regimen of gradient 

elution using the following mobile phases: 0.1% solution 

of formic acid in water and methanol. The flow rate was 

0.7 mL min
-1

, and the injection volume was 10 µm. 

Integration of chromatographic peaks was done 

automatically using LabSolutions software, version 5.97. 

Identification of the compounds was based on their 

retention time, characteristic precursor and product ions. 

Calibration curves of the targeted compounds were 

established for quantitative analysis. 

Stock solutions of dopamine and internal standard at a 

concentration of 1 mg/ml as well as calibrators were 

prepared in 0.1M hydrochloric acid. Quality control (QC) 

samples and calibrators were prepared from dialyzed 

plasma. All solutions were stored at –20°C prior to the 

analysis. 

Sample preparation: 500 l of sample specimens 

(plasma), calibrators or QC samples were mixed with 10 l 

of internal standard solution (dopamine-d3, 10 ng/ml) and 

500 l of acetonitrile. Following vigorous stirring the 

mixture was centrifuged (5 min, 13000 rpm) and 850 l of 

the resulting supernatant was transferred into a clean tube. 

Further 30 l of 5% ammonium hydroxide, 0.4 ml of 

2-aminoethyl-diphenylborate and 1.5 ml of ethyl acetate 

were added to the supernatant, mixed for 10 minutes and 

centrifuged. The organic layer (1.0 ml) was evaporated to 

dryness under nitrogen flow. The residue was reconstituted 

with 150 l of the mobile phase A. 

3. Results 

We analyzed test results registered in the months, when 

the extreme dopamine levels were found in the skiers’ 

blood: November – the highest dopamine level, state B; 

June – the lowest dopamine level, state A (p<0.01) (Table 

1). Training loads performed by the athletes in these 

months differed significantly by the proportion of strength 

exercises and exercises aimed at technique adjustment. In 

June the athletes completed strength training aimed at 

maximal muscle strength development. The training 

sessions included exercises, which caused structural 

changes in skeletal muscles, and increased the volume and 

density of myofibrils in a muscle fiber. This training period 

did not include specific skiing exercises similar to those 

performed in competitions. On the contrary, November 

training included a significant amount of skiing-specific 

drills with complex coordination aimed at technique 

adjustment. Strength training in November served for 

keeping the level of strength reached in the previous 

training periods; exercises for explosive and maximal 

strength development were performed in regimens similar 

to those, which are characteristic of alpine skiing courses. 

Skiing technical adjustment on a ski slope in November 

made up 9% of the total amount of technique training 

throughout the season. 

In June the athletes completed the test task slower than 

in November and the path of their center of pressure (PC) 

was longer. In November the PC velocity exceeded the 

preset velocity of marker B, and the path of the PC was 
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shorter than in June. The total and average errors in the 

frontal and sagittal planes (i.e. the error of the tracking 

movement) were greater in November if compared to the 

June test results. However, both in June and November the 

errors were in the range of the estimated “above normal” 

[14]. 

Values of motor control errors of different origins are 

shown in Figure 2. The prediction error (the difference 

between real execution and prediction of the movement) 

decreased in November in comparison with June. The 

dispersion of prediction errors may characterize the level 

of uncertainty that was higher in November than in June. 

The dispersion of execution errors corresponded to the 

level of noise that was more apparent in November. In 

November we also found a considerable shift in data 

characterizing athletes’ perceptions. Probably, a decrease 

in perception errors and a convergence of the predicted 

values and those of the “real” movement were caused by 

the fact that athletes learned to control movements in 

varying external conditions. It is worth noting that this 

concerned spatial characteristics of the tracking 

movements and did not concern their strength 

characteristics, as in June, as in November. Parameters of 

prediction errors x
plan

 remained unchanged at all times. In 

November the perception error x
perf

 corresponded better 

with the “real” execution of the movement, i.e. the 

difference between x
perf

 and x
targ

 (“real” execution) was less 

than in June. In June prediction error corresponded less 

with the “real” execution of the movement and the values 

of perception x
perf

 were located farther from the “real” x
targ

. 
Table 2 represents the characteristics of training loads 

completed by the athletes in June and November. The data 

demonstrate the significant difference in strength exercises 

and technical drills used in those two months. In June the 

athletes performed strength exercises, which led to 

structural changes in the muscles due to the growth of 

myofibrils’ volume and density in a muscle fiber. This 

resulted in the growth of muscle strength. June’s training 

period contained a very small amount of sport-specific 

exercises, which challenged the control system. In 

November the athletes performed many skiing-specific 

exercises with complex coordination, while strength 

training was aimed at maintaining muscular strength 

through the exercises performed in regimens similar to 

those used in a skiing competition. 

Table 1.  Stabilometric test “Evolvent” 

Athletes’ 

state 

Dopamine, 

pg/ml 
V, mm/s 

SummErrX, 

mm 

SummErrY, 

mm 

MidErrX, 

mm 

MidErrY, 

mm 
KorrCount 

В, November 26.46±5.20 30.24±3.84 25667.1±6239.7 25180.6±4869.9 5.68±1.38 5.57±1.07 192±41.19 

А, June 88.87±22.58 29.50±3.17 24393.6±4504.9 23861.4±4412.3 5.39±0.99 5.28±0.97 185±48.24 

Difference, % -29.77* 2.45 4.97 5.24 5.11 5.21 3.78 

Remark: V, mm/s – velocity of the pressure center (PS) movement, SummErrX – total error in the frontal plane; SummErrY – total error in the sagittal 
plane; KorrCount – number of corrections. B – athletes’ test results in November, A – athletes’ test results in June 

 

Figure 2.  Errors related to the movements in the test 
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Table 2.  Comparison of training loads in June and November (% of the maximal load in the preparation period) 

Training conditions F-explosive F-max Hypertrophy F-endurance BC SSE 

November, Snow 

training 
21% 14% 0% 15% 37% 9% 

June, land training 0% 0% 63% 17% 38% 0% 

Remark: F-explosive – exercises aimed at explosive strength development; F-max - exercises aimed at maximal strength development; Hypertrophy – 
exercises aimed at the hypertrophy of muscle fibers; BC – basic conditioning; SSE – sport-specific exercises 

4. Discussion 

The model of active inference presumes that sensory 

inputs to the motor cortex determine its quality. These 

input data include proprioceptive and somatosensory errors 

of prediction, which are used for the output of 

proprioceptive predictions in the forward model [10]. In 

the schemes of “active inference” cost functions of efforts 

are replaced by images of the desired trajectories in the 

external coordinate system [9]. Thus, the “active inference” 

permits minimizing prediction errors by prediction of the 

movement trajectory. In our study this phenomenon 

showed itself through changes in the errors related to the 

direction of the movement, because the efforts remained 

almost unchanged. It seems interesting when related to 

training loads completed by the athletes in June (basic 

conditioning period) and November (pre-race period). The 

main difference between these two training periods 

consisted of the biomechanical specificity of the exercises 

in relation to sport-specific competition movements. In 

June the athletes performed the exercises based on 

non-specific movements, which were aimed at improving 

the functional capacities of their muscles. The receptor 

information from neuromuscular spindles and Golgi 

tendon organs dominated motor control; the athletes 

focused on the perception of the efforts they applied, i.e. 

their minds relied on the internal coordinate system. The 

control informational signals were related to changes in 

neuromuscular system, and the control system balanced the 

upward and downward internal informational flows that 

stressed the basal ganglia (nuclei basales) and raised 

dopamine levels in the athletes’ blood (prediction of the 

first type). In November the athletes performed many 

training descents on an alpine skiing course. This training 

made them focus on exteroceptive information about their 

position in the environment and external conditions, in 

which they moved; the visual system became the main one 

and visual information formed the basis for the external 

control model. The character of the control model and the 

sensory information corresponded with each other which 

decreased errors in the prediction of the trajectory of skiing 

movements and decreased the probability of 

unexpectedness [9]. The stress of the basal ganglia (nuclei 

basales) was lower that decreased dopamine levels in the 

athletes’ blood. From the point of view of the concept of 

active inference, this corresponded to the prognosis based 

on the accuracy of the sensory input and postsynaptic 

amplification of prediction error values (prediction of the 

second type). Formation of the prognoses of the second 

type was slower than that of the prognoses of the first type, 

which involved neuromodulators (including dopamine), 

whereas the prognoses of the second type were based on 

fast activation-deactivation of the information transmission 

[17]. Future studies should focus on other specific 

movements related to different sports. Moreover, besides 

tracking movements, we plan to investigate the effect of 

sports training on the control system behavior in fast 

ballistic movements. 

5. Conclusion 

Application of the concept of active inference permitted 

us to reassess the effect of different training practices on 

the structure of movement control. The key difference 

consists in the estimation of the probability of sensory 

information in voluntary movements instead of the 

traditional estimation of the effectiveness from the point of 

view of movement optimization on the base of absolute 

values. A sufficient amount of experimental data will 

permit to development of new ideas related to methods of 

technique adjustment in sports movements. 
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