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Abstract
The use of motor learning strategies may enhance rehabilitation outcomes of individuals with 
neurological injuries (e.g., stroke or cerebral palsy). A common strategy to facilitate learning of 
challenging tasks is to use sequential progression - i.e., initially reduce task difficulty and slowly 
increase task difficulty until the desired difficulty level is reached. However, the evidence related 
to the use of such sequential progressions to improve learning is mixed for functional skill learning 
tasks, especially considering situations where practice duration is limited. Here, we studied the 
benefits of sequential progression using a functional motor learning task that has been previously 
used in gait rehabilitation. Three groups of participants (N=43) learned a novel motor task during 
treadmill walking using different learning strategies. Participants in the specific group (n=21) 
practiced only the criterion task (i.e., matching a target template that was scaled-up by 30%) 
throughout the training. Participants in the sequential group (n=11) gradually progressed to the 
criterion task (from 3% to 30% in increments of 3%), whereas participants in the random group 
(n=11) started at 3% and progressed in random increments (involving both increases and decreases 
in task difficulty) to the criterion task. At the end of training, kinematic tracking performance on 
the criterion task was evaluated in all participants both with and without visual feedback. Results 
indicated that the tracking error was significantly lower in the specific group, and no differences 
were observed between the sequential and the random progression groups. The findings indicate 
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that the amount of practice in the criterion task is more critical than the difficulty and variations of 
task practice when learning new gait patterns during treadmill walking.
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Introduction
The ability of humans to learn novel motor tasks is integral to development and daily 
function, and therefore there is a critical need to examine optimal training methods to 
maximize learning of new motor skills. The use of appropriate motor learning strategies to 
improve learning also has clinical implications because of its ability to enhance 
rehabilitation outcomes following neurological injury (Kitago and Krakauer, 2013; 
Krakauer, 2006).

Indeed, motor learning is considered to be critical for learning-dependent neuroplasticity and 
for restorative therapies after neurological injury, such as stroke or cerebral palsy (Winstein 
et al., 2014). This is because acquisition of new skills in many ways is similar to re-learning 
of lost skills after a damage to the neuromotor system. Thus, the way that the therapy session 
has to be structured (i.e., practice structure), the activities that are to be performed, as well as 
their order and relative amounts (i.e., dosage) are all critical components for re-learning of 
lost motor functions (Winstein et al., 2014). However, there has been limited research on 
optimal strategies to facilitate learning of leg motor tasks, particularly during gait.

From a clinical standpoint, a key issue in gait rehabilitation is the issue of retention (i.e. how 
well performance on the trained task is retained after practice). Retention is especially 
critical in the context of addressing specific impairments (e.g. stiff knee gait) where a 
specific movement coordination is desired after rehabilitation. Thus, examining the optimal 
methods to facilitate motor learning during gait is not only interesting from a theoretical 
standpoint of how movements are learned and retained for future use, but also from a 
therapeutic standpoint because of its relevance to gait rehabilitation in individuals with 
neurological or musculoskeletal injuries.

One factor in particular that influences learning is the progression of task difficulty (Capio et 
al., 2013; Christiansen et al., 2018). Typical rehabilitation paradigms emphasize sequential 
progression of the task from easy to difficult. In the motor learning literature, the support for 
such sequential progression is mixed - there is some evidence that ‘errorless’ learning, which 
occurs during sequential progression promotes implicit learning that is robust to external 
situations (Capio et al., 2013; Kessels and Hensken, 2009; Maxwell et al., 2001; Winning et 
al., 2018). However, other studies have not found such benefits (Lin et al., 2018; Mount et 
al., 2007; Orrell et al., 2006).

Moreover, despite the large body of work elucidating the role of task difficulty in skill 
learning, two critical issues remain unanswered - (i) from a dosing standpoint, if the amount 
of practice time is controlled, then practicing on easy versions of the task might be 
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suboptimal because it necessarily means that practice time on the criterion task is reduced, 
(ii) if sequential progression does facilitate learning, it is not clear if the benefit is due to 
sequential progression, or simply because of practicing multiple task variations (Turnham et 
al., 2012). If it is only practice variation that facilitates learning, then a random progression 
of task difficulty to the criterion task should also yield similar benefits as sequential 
progression.

In this study, we examined these questions using a novel foot-trajectory tracking task that 
has been previously used in gait rehabilitation. We found that sequential progression of task 
difficulty was not superior to random progression and that specific practice at higher task 
difficulty was superior to sequential progression of task difficulty for learning a new gait 
pattern during walking.

Methods
2.1 Participants

Participants included 43 healthy adults (Age: 22.7±5.4 years; Height: 1.72±0.10 meters; 
Weight: 67.3±13.1 kilograms) with no history of major orthopedic or neurological 
conditions, injuries in their lower extremities, uncontrolled illnesses, and/or medication 
changes in the past 3 months. All participants were classified right-foot dominant based on 
the leg with which they preferred to kick a ball (Krishnan, 2015; Krishnan et al., 2017; 
Ranganathan et al., 2016). Participants provided informed, written consent prior to 
participation, and all protocols received approval from the University of Michigan 
Institutional Review Board.

2.2 Study protocol
A schematic of the experimental procedure is shown in Figure 1. The motor learning task 
was performed while the participants walked on a motorized treadmill at 0.89m/s (2mph) 
while a camera (C920 Pro HD Logitech Webcam, Logitech, Newark, CA, USA) tracked 
kinematics in real-time via reflective markers placed on the lateral side of the hip, knee, and 
ankle joints (Krishnan et al., 2015). The motor learning task involved learning a new gait 
pattern that necessitated greater hip and knee flexion angles during swing phase of the gait. 
The experiment began by first having the participant walk normally on the treadmill to 
obtain ensemble averages of their right hip and knee angles across the entire trial. The 
ensemble averaged normal walking hip and knee trajectories were then scaled (3% to 30%) 
to create target templates, which were projected in the end-point space (i.e., as a foot-
trajectory template, which represents the spatial path of the participant’s lateral malleolus 
relative to the hip [local coordinate system] on the sagittal plane) (Krishnan et al., 2017; 
Krishnan et al., 2018; Ranganathan et al., 2016) using the following forward kinematic 
equation.

Xa
Ya

=
sin θh −sin θk − θh

−cos θh −cos θk − θh

l1
l2
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where Xa and Ya are the x and y positions of the ankle lateral malleolus (referred to as the 
foot-trajectory) relative to the hip, l1 is the distance between hip and knee markers, l2 is the 
distance between knee and ankle markers, θh and θk are the hip and knee angles. The 
forward kinematic model was used instead of simply tracking and scaling the ankle marker 
in the global coordinate system because the relative position of the participant on the 
treadmill will not affect the foot-trajectory.

The participant then performed nine blocks of target-matching trials with each block lasting 
for one minute. Each block was separated by a one-minute rest period. The target template 
representing the ankle path over one stride was projected onto a monitor placed in front of 
the participant. The participant was asked to adjust their gait patterns to match the scaled 
template to the best of their ability. The real-time actual trajectory of the participant was 
displayed concurrently along with the target template as the participant attempted to alter 
their gait pattern on the right leg to match the target template. The visual feedback on the 
screen was adjusted such that the participant could see the entire trajectory produced over 
the previous gait cycle.

Participants were assigned to one of three training groups: specific (n=21), sequential 
progression (n=11), or random progression (n=11), referring to the manner (i.e., order) in 
which the tasks were introduced (Figure 1D). This sample size provided us with a power β > 
80% to detect statistical significance with an effect size of f=0.5 (computed from our prior 
study) at a significance level of α = 0.05 (computed with unequal sample sizes in G*power 
3.1) (Krishnan et al., 2018). Participants in the specific training group were required to 
match a 30% scaled template (criterion task) immediately at the beginning of training and 
for all target-matching trials including the criterion task. The template for the sequential 
progression group started at a 3% and increased in increments of 3% until they reached the 
criterion task. Participants in the random progression group also initially practiced at the 3% 
template, but subsequent trials were pseudo-randomly scaled by factors of three between 3% 
and 30% — ending on 30% for the criterion task. Two pseudo-random orders (Random 1: 
n=6 and Random 2: n=5) were used in order to ensure that any differences observed were 
not simply due to chance. Thus, both sequential and random progression groups performed 
essentially the same tasks with the same variation in task practice, except the order in which 
the tasks were performed differed between the groups. The total amount of practice was 
constant across all groups; however, both the sequential and random groups received a lower 
amount of practice on the criterion task than the specific group. At the end of training, 
participants in all the groups performed the criterion task (i.e., matching a 30% target 
template), first with visual feedback (VF) and then with no visual feedback (NVF).

2.3 Analysis Protocol
Participant performance during target-matching was evaluated by computing the amount of 
tracking error during each block. To compute tracking error (see supplemental section), the 
difference in area (computed in pixels) between the actual and intended trajectory for each 
stride was found and normalized to the area of the criterion task-template trajectory (also 
computed in pixels) (Figure 1C). The error for each stride was then averaged across all 
strides in a trial to determine the average tracking error during each training block.
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2.4 Statistical Analyses
All statistical analyses were performed in SPSS for Windows version 24 (SPSS Inc., 
Chicago, IL, USA). Differences in tracking error in the criterion task (i.e., 30% target 
template) during target-matching with and without visual feedback were used as the primary 
variables for all analyses. Non-parametric tests were used because the Shapiro-Wilk’s test 
for normality indicated that the data were not normally distributed. To determine if reducing 
task difficulty or increasing the amount of practice in the criterion task was important for 
learning a new gait pattern during walking, a Kruskal-Wallis test was used to evaluate the 
differences in tracking error between the specific and the sequential and random progression 
groups. To determine if the progression of task difficulty was critical for learning a new gait 
pattern during walking, a Kruskal-Wallis test was used to evaluate the differences in tracking 
error between sequential and random progression groups. A significance level of α = 0.05 
was used for all statistical analyses.

Results
The median tracking error (and interquartile range [IQR]) when performing the criterion 
task with visual feedback were as follows: Specific: 11.9 (10.2 to 13.3); Sequential: 16.4 
(14.0 to 19.6); Random: 14.8 (11.9 to 18.8). The median tracking error (and IQR) when 
performing the criterion task without visual feedback were as follows: Specific: 15.1 (13.0 to 
17.9); Sequential: 20.2 (16.3 to 22.1); Random: 19.5 (14.2 to 21.6). Tracking error was 
significantly lower in the specific group in comparison with sequential and random 
progression groups for both target-matching with visual feedback (χ2=11.736, p=0.001) and 
no visual feedback (χ2=5.328, p=0.021) (Figure 2A). There were no differences in tracking 
error between the sequential and the random progression group for both target-matching 
with visual feedback (χ2=0.786, p=0.375) and no visual feedback (χ2=0.475, p=0.491) 
(Figure 2B).

Discussion
The purpose of this study was to investigate the effects of task difficulty, variations in task 
practice, and the amount of practice on learning of a novel motor task during walking. We 
found that reducing task difficulty by incrementally introducing the task requirements did 
not facilitate learning. This was the case irrespective of whether the task was introduced 
sequentially or randomly, indicating that the order of task progression did not influence the 
outcomes. Rather, we found that learning was facilitated when participants spent a greater 
amount of time practicing the criterion task, as was done in the specific training group. This 
observation is in contrast with prior studies that have shown that despite greater amount of 
practice on the criterion task in the specific training group, individuals in the random or 
sequential progression (aka gradual training) group perform similar to or better than those in 
the specific training group (Huang and Shadmehr, 2009; Kagerer et al., 1997; Sawers and 
Hahn, 2013; Shea and Kohl, 1990; Tang et al., 2018). Interestingly, our results suggest that 
reducing task difficulty may only lead to minimal learning of a novel motor task, as the final 
performance (i.e., at the end of training) of participants in both the sequential and random 
groups was similar to the initial performance of participants in the specific group (Figure 
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2A). Thus, if the goal is to maximize efficiency of training (such as in rehabilitation where 
third-party reimbursement is based on total therapy time), then specific practice is superior 
to sequential or random progression.

The finding that specific training is superior to sequential training is in contrast with some of 
the motor adaptation literature, but is consistent with studies that have utilized skill learning 
tasks (Lin et al., 2018; Mount et al., 2007; Orrell et al., 2006). The disparity between motor 
adaptation and skill learning tasks could be due to the differences in learning mechanisms 
between adaptation and skill learning (Krakauer and Mazzoni, 2011; Krishnan et al., 2018). 
For example, adaptation tasks typically involve a perturbation, where the participant must 
adapt their movement back to pre-perturbation levels by means of sensory-prediction errors, 
which are dependent on cerebellar-cerebral neural pathways (Spampinato et al., 2017). In 
contrast, skill acquisition tasks typically do not involve a perturbation and the participant 
improves performance using success-based exploration, which involves more cortical 
structures (Bo et al., 2008; Krakauer and Mazzoni, 2011). The results are not surprising 
considering that large amounts of specific practice are known to result in the emergence of 
effects similar to those of especial skills (Breslin et al., 2012; Lin et al., 2018), where well 
practiced movements lead to the development of a specific memory representation that is 
unique to the practiced task through use-dependent learning (Keetch et al., 2008; 
Ranganathan and Newell, 2013). While it is unclear whether participants in the specific 
training group developed a true especial skill, as the amount of practice was relatively short, 
prior research has shown that especial skills can emerge even with short-term repetitive 
practice (300 repetitions) (Breslin et al., 2012). Indeed, data from our prior studies (which 
used similar amount of practice) support the development of a unique skill similar to 
especial skills with repeated practice, as participants showed complete retention of the 
learned gait pattern during the delayed retention test and also exhibited substantial transfer 
to the opposite, untrained leg (Krishnan et al., 2017; Krishnan et al., 2018). While this 
improvement through repeated practice of the same task may come at the cost of poor 
generalization to other task variations (see potential limitations in supplementary section) 
(Ranganathan and Newell, 2013), this type of training may be very relevant for gait 
rehabilitation, where one of the goals is to minimize variability of gait patterns (Hausdorff, 
2005; Hausdorff et al., 2001).

Although we found specific training to be more beneficial than sequential progression for 
learning our locomotor task, it should be noted that there are instances in which sequential 
training is the only feasible method for learning a novel skill. An example of such a 
circumstance is when the subject is unable to perform the criterion task safely at the 
beginning of training, and the only way for them to learn is to train progressively towards 
their goal (e.g., a gymnast learning to backflip). Also, in some situations (particularly in 
rehabilitation), performing the criterion task at high difficulty could decrease an individual’s 
motivation, thereby reducing practice effectiveness or even adherence to the training 
program (Guadagnoli and Lee, 2004; Reinkensmeyer and Dietz, 2016).

In summary, the results of this study show that reducing task difficulty through sequential 
progression of task requirements is of minimal benefit, whereas performing the same task 
repeatedly through specific practice offers greater benefit when learning a new gait pattern 
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during treadmill walking. The advantage of specific training appears to be primarily 
mediated through a greater number of practice trials on the criterion task, as increasing task 
difficulty through random variations of task progression did not change the outcomes. These 
results underscore the importance of the amount of practice, as opposed to task difficulty/
variation, in learning a new gait pattern, which may have meaningful implications for gait 
rehabilitation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This work was partly supported by the National Science Foundation Graduate Research Fellowship Program (Grant 
# DGE 1256260), the National Science Foundation (Grant # 1703735 and Grant # 1804053), National Institute of 
Child Health and Human Development of the National Institutes of Health (Grant # R21 HD092614), and 
University of Michigan Undergraduate Research Opportunity Program (UROP).

References
Bo J, Langan J, Seidler R, 2008 Cognitive neuroscience of skill acquisition. Advances in Psychology 

139, 101–112.
Breslin G, Hodges NJ, Steenson A, Williams AM, 2012 Constant or variable practice: recreating the 

especial skill effect. Acta Psychol. (Amst.) 140, 154–157. [PubMed: 22627159] 
Capio CM, Poolton JM, Sit CH, Holmstrom M, Masters RS, 2013 Reducing errorsbenefits the field-

based learning of a fundamental movement skill in children. Scand. J. Med. Sci. Sports 23, 181–
188. [PubMed: 22092534] 

Christiansen L, Madsen MJ, Bojsen-Moller E, Thomas R, Nielsen JB, Lundbye-Jensen J, 2018 
Progressive practice promotes motor learning and repeated transient increases in corticospinal 
excitability across multiple days. Brain Stimul 11, 346–357. [PubMed: 29187320] 

Cunningham DA, Rechnitzer PA, Pearce ME, Donner AP, 1982 Determinants of self-selected walking 
pace across ages 19 to 66. J. Gerontol 37, 560–564. [PubMed: 7096927] 

Guadagnoli MA, Lee TD, 2004 Challenge point: a framework for conceptualizing the effects of 
various practice conditions in motor learning. J Mot Behav 36, 212–224. [PubMed: 15130871] 

Hausdorff JM, 2005 Gait variability: methods, modeling and meaning. J. Neuroeng. Rehabil 2, 19. 
[PubMed: 16033650] 

Hausdorff JM, Rios DA, Edelberg HK, 2001 Gait variability and fall risk in community-living older 
adults: a 1-year prospective study. Arch. Phys. Med. Rehabil 82, 1050–1056. [PubMed: 11494184] 

Huang VS, Shadmehr R, 2009 Persistence of motor memories reflects statistics of the learning event. J. 
Neurophysiol 102, 931–940. [PubMed: 19494195] 

Kagerer FA, Contreras-Vidal JL, Stelmach GE, 1997 Adaptation to gradual as compared with sudden 
visuo-motor distortions. Exp. Brain Res 115, 557–561. [PubMed: 9262212] 

Keetch KM, Lee TD, Schmidt RA, 2008 Especial skills: specificity embedded within generality. J. 
Sport Exerc. Psychol 30, 723–736. [PubMed: 19164838] 

Kessels RP, Hensken LM, 2009 Effects of errorless skill learning in people with mild-to-moderate or 
severe dementia: a randomized controlled pilot study. NeuroRehabilitation 25, 307–312. [PubMed: 
20037224] 

Kitago T, Krakauer JW, 2013 Motor learning principles for neurorehabilitation. Handb. Clin. Neurol 
110, 93–103. [PubMed: 23312633] 

Krakauer JW, 2006 Motor learning: its relevance to stroke recovery and neurorehabilitation. Curr. 
Opin. Neurol 19, 84–90. [PubMed: 16415682] 

Krishnan et al. Page 7

J Biomech. Author manuscript; available in PMC 2020 May 09.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Krakauer JW, Mazzoni P, 2011 Human sensorimotor learning: adaptation, skill, and beyond. Curr. 
Opin. Neurobiol 21, 636–644. [PubMed: 21764294] 

Krishnan C, 2015 Are practice trials required for hop tests? Gait Posture 41, 960–963. [PubMed: 
25843233] 

Krishnan C, Ranganathan R, Tetarbe M, 2017 Interlimb transfer of motor skill learning during 
walking: No evidence for asymmetric transfer. Gait Posture 56, 24–30. [PubMed: 28482202] 

Krishnan C, Washabaugh EP, Reid CE, Althoen MM, Ranganathan R, 2018 Learning new gait 
patterns: Age-related differences in skill acquisition and interlimb transfer. Exp. Gerontol 111, 45–
52. [PubMed: 29981399] 

Krishnan C, Washabaugh EP, Seetharaman Y, 2015 A low cost real-time motion tracking approach 
using webcam technology. J. Biomech 48, 544–548. [PubMed: 25555306] 

Lin TH, Denomme A, Ranganathan R, 2018 Learning alternative movement coordination patterns 
using reinforcement feedback. Exp. Brain Res 236, 1395–1407. [PubMed: 29536148] 

Maxwell JP, Masters RS, Kerr E, Weedon E, 2001 The implicit benefit of learning without errors. Q. J. 
Exp. Psychol. A 54, 1049–1068. [PubMed: 11765732] 

Mount J, Pierce SR, Parker J, DiEgidio R, Woessner R, Spiegel L, 2007 Trial and error versus errorless 
learning of functional skills in patients with acute stroke. NeuroRehabilitation 22, 123–132. 
[PubMed: 17656838] 

Orrell AJ, Eves FF, Masters RS, 2006 Implicit motor learning of a balancing task. Gait Posture 23, 9–
16. [PubMed: 16311189] 

Ranganathan R, Krishnan C, Dhaher YY, Rymer WZ, 2016 Learning new gait patterns: Exploratory 
muscle activity during motor learning is not predicted by motor modules. J. Biomech 49, 718–725. 
[PubMed: 26916510] 

Ranganathan R, Newell KM, 2013 Changing up the routine: intervention-induced variability in motor 
learning. Exerc. Sport Sci. Rev 41, 64–70. [PubMed: 23072823] 

Reinkensmeyer DJ, Dietz V, 2016 Neurorehabilitation technology. Springer.
Sawers A, Hahn ME, 2013 Gradual training reduces practice difficulty while preserving motor 

learning of a novel locomotor task. Hum Mov Sci 32, 605–617. [PubMed: 24054898] 
Shea CH, Kohl RM, 1990 Specificity and variability of practice. Res. Q. Exerc. Sport 61, 169–177. 

[PubMed: 2094928] 
Spampinato DA, Block HJ, Celnik PA, 2017 Cerebellar-M1 Connectivity Changes Associated with 

Motor Learning Are Somatotopic Specific. J. Neurosci 37, 2377–2386. [PubMed: 28137969] 
Tang R, Kim J, Gaebler-Spira DJ, Wu M, 2018 Gradual increase of perturbation load induces a longer 

retention of locomotor adaptation in children with cerebral palsy. Hum Mov Sci 63, 20–33. 
[PubMed: 30481722] 

Turnham EJ, Braun DA, Wolpert DM, 2012 Facilitation of learning induced by both random and 
gradual visuomotor task variation. J. Neurophysiol 107, 1111–1122. [PubMed: 22131385] 

Washabaugh EP, Kalyanaraman T, Adamczyk PG, Claflin ES, Krishnan C, 2017Validity and 
repeatability of inertial measurement units for measuring gait parameters. Gait Posture 55, 87–93. 
[PubMed: 28433867] 

Winning T, Malhotra N, Masters RSW, 2018 Investigating an errorless learning approach for 
developing dental operative technique skills: A pilot study. Eur. J. Dent. Educ

Winstein C, Lewthwaite R, Blanton SR, Wolf LB, Wishart L, 2014 Infusing motor learning research 
into neurorehabilitation practice: a historical perspective with case exemplar from the accelerated 
skill acquisition program. J. Neurol. Phys. Ther 38, 190–200. [PubMed: 24828523] 

Witte US, Carlsson JY, 1997 Self-selected walking speed in patients with hemiparesis after stroke. 
Scand. J. Rehabil. Med 29, 161–165. [PubMed: 9271150] 

Krishnan et al. Page 8

J Biomech. Author manuscript; available in PMC 2020 May 09.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Figure 1: 
A schematic of the (A) experimental set-up, (B) creation of target templates, (C) 
computation of tracking error (shaded region) and (D) experimental protocol. Note that 
figure legend for the creation of target templates only show four target trajectories for the 
sake of clarity. The values on the table for experimental protocol indicates the increase in 
template size (i.e., scaling) with respect to normal walking. For the random progression 
group, participants were split into two random sequences (Random 1 and Random 2). Each 
trial was one minute long.
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Figure 2: 
(A) Median tracking error observed at each target template for the specific, sequential, and 
random groups, in the order of introduction (the notation of the x-axis for the non-shaded 
region refers target-matching [TM] blocks and the block number). (B) Median tracking error 
observed at each target template for the sequential and random groups, in the order of 
template size. Note the shaded region in (A) and (B) indicates the criterion task blocks with 
visual feedback (VF) and no visual feedback (NVF) for which comparisons were made 
between groups.
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