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Abstract 

Background: The purpose of the current study was to determine the influence of upper‑limb prostheses on brain 
activity and gross dexterity in children with congenital unilateral upper‑limb reduction deficiencies (ULD) compared 
to typically developing children (TD).

Methods: Five children with ULD (3 boys, 2 girls, 8.76 ± 3.37 years of age) and five age‑ and sex‑matched TD children 
(3 boys, 2 girls, 8.96 ± 3.23 years of age) performed a gross manual dexterity task (Box and Block Test) while measuring 
brain activity (functional near‑infrared spectroscopy; fNIRS).

Results: There were no significant differences (p = 0.948) in gross dexterity performance between the ULD group 
with prosthesis (7.23 ± 3.37 blocks per minute) and TD group with the prosthetic simulator (7.63 ± 5.61 blocks per 
minute). However, there was a significant (p = 0.001) difference in Laterality Index (LI) between the ULD group with 
prosthesis (LI = − 0.2888 ± 0.0205) and TD group with simulator (LI = 0.0504 ± 0.0296) showing in a significant ipsilat‑
eral control for the ULD group. Thus, the major finding of the present investigation was that children with ULD, unlike 
the control group, showed significant activation in the ipsilateral motor cortex on the non‑preferred side using a 
prosthesis during a gross manual dexterity task.

Conclusions: This ipsilateral response may be a compensation strategy in which the existing cortical representations 
of the non‑affected (preferred) side are been used by the affected (non‑preferred) side to operate the prosthesis. This 
study is the first to report altered lateralization in children with ULD while using a prosthesis.

Trial registration The clinical trial (ClinicalTrial.gov ID: NCT04110730 and unique protocol ID: IRB # 614‑16‑FB) was regis‑
tered on October 1, 2019 (https ://clini caltr ials.gov/ct2/show/NCT04 11073 0) and posted on October 1, 2019. The study 
start date was January 10, 2020. The first participant was enrolled on January 14, 2020, and the trial is scheduled to be 
completed by August 23, 2023. The trial was updated January 18, 2020 and is currently recruiting

Keywords: Upper‑limb deficiency, Prosthesis, Pediatric, fNIRS, Brain activation

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creat iveco mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco 
mmons .org/publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
The Centers for Disease Control and Prevention (CDC) 
estimates that about 4 out of every 10,000 babies are born 
with upper-limb reductions every year in the U.S [1, 2]. 
In other parts of the world, such as Australia, Finland, 

and Canada reports indicate that 3.4 to 5.3 of 10,000 
live-born children suffer upper-limb anomalies [3]. In 
the United States, however, there are many more unre-
ported cases due to the lack of a mandatory reporting 
system of birth defects and child amputees. The use of 
upper-limb prostheses is the main treatment to restore 
function in children experiencing upper-limb reduction 
deficiencies (ULD) [1]. In addition, providing a functional 
prosthesis can be expensive, ranging in cost from $4000 
to $10,000 for a body-powered prosthesis and $25,000 to 
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$75,000 for an electronically driven prosthesis [4]. Due to 
the increased cost and lack of insurance coverage there is 
still many children who do not have access to a prosthesis 
[5–7]. Recent technological advances in computer-aided 
design (CAD) programs and additive manufacturing (i.e., 
3D printing) [7], made it possible to design and manufac-
ture child-friendly 3D printed prostheses that can be cus-
tomized as the child growths with low-cost, lightweight, 
and desirable visual appearance [5–11].

Pediatric population
The CDC indicated that children with upper-limb reduc-
tion deficiency (ULD) will face potential problems 
including, difficulties with normal development such as 
motor skills, needing assistance with daily activities such 
as self-care, limitations with certain movements, sports, 
or activities, as well as potential emotional and social 
issues because of physical appearance [1]. For children 
with ULD, the use of prostheses is directly related to the 
success of rehabilitation outcomes including develop-
ment of motor skills, performance of activities of daily 
living and recreational activities, as well as improvements 
in self-esteem [1, 6, 7, 11]. However, increasing prosthetic 
use and reducing rejection and abandonment in the 
pediatric population remain challenging, with up to 58% 
rejection rate [12–14]. The reasons for pediatric reject-
ing rates include excessive weight, low visual appeal, low 
comfort, and lack of function [14–16]. While these fac-
tors are exclusive to the design of the prosthesis, previ-
ous literature suggest the involvement of specific neural 
control mechanisms that limit the functional use of these 
devices [12, 13, 15].

Adult population
Although the reasons for rejecting a prosthesis in the 
adult population are similar to those for the pediatric 
population including the excessive weight, low com-
fort, and lack of function [17], the neural process and 
motor control parameters of rehabilitation outcomes in 
the pediatric population are significantly different [13, 
15, 18]. However, there is a lack of data shown the neu-
ral mechanism of novel rehabilitation approaches in the 
pediatric population [12, 19]. Previous investigations in 
the adult population, however, have shown that the neu-
ral process underlying the acquisition of new motor skills 
using a prosthesis and the neuromuscular outcomes can 
have a profound impact in the development of alternative 
prosthetic rehabilitation approaches, such as the cross 
education of motor function [20, 21]. Cross education is 
the process of training the non-affected limb to enhance 
the motor performance of the affected, untrained limb 
[21]. Prosthetic simulators are devices used to mimic 
the function of a prosthesis often used to achieve cross 

education or within rehabilitative settings to assist with 
prosthesis familiarization when the affected limb is 
injured or in the early post-surgery stages [22–24]. Pre-
vious literature has also shown that a spectrum of tools 
from simple rods to prosthetic simulators can be embod-
ied within the brain, which may affect the efficiency of an 
individual’s kinematics [25, 26]. These simulators can also 
be used in individuals with intact arms to examine in the 
cortical adaptations to novel tool use, such as the use of a 
prosthesis [26].

Knowledge gap
There is a significant knowledge gap about the neural 
mechanism underlying the high rejection rate of upper 
limb prosthesis in children [12]. The foundational knowl-
edge of neural plasticity of motor control in this popu-
lation has been severely under studied [13, 15, 18]. The 
Neuronal Group Selection Theory (NGST) [18, 19, 27] 
states that the ensemble of cortical and subcortical sys-
tems is dynamically organized into neuronal networks. 
The structure and function of these neuronal networks 
are determined by development and behavior [18, 19, 27]. 
According to NGST, children with congenital unilateral 
upper-limb reductions may lack representation of the 
missing part of the limb in the cerebral cortex, leading 
to limited number of “motor repertoires” for the affected 
upper-limb [19, 27]. Therefore, early intervention in these 
children with limb reductions, such as prosthetic fit-
ting and use, may lead to an enlargement of the primary 
neuronal networks located in the contralateral motor 
cortices of the affected limb. As a result, the early use 
of prosthetic limbs might lead to a larger repertoire of 
motor system and improve integration of the prosthesis 
into the sensory and motor system to facilitate prosthesis 
acceptance in children with limb reductions [12, 13, 15, 
19, 27].

Previous investigations in adults have reported 
increases in strength, motor skills, motor learning, and 
motor performance in the affected, untrained upper limb 
after training the non-affected limb [20, 21]. However, the 
precise neural mechanism in children with ULD remains 
unclear [12, 19, 27]. Determining the specific role of each 
hemisphere in controlling the affected and unaffected 
limbs and how each hemisphere is involved in controlling 
and adapting to a prosthesis seems critically important. 
Thus, the purpose of the current study was to determine 
the influence of upper-limb prostheses and prosthetic 
simulators on brain activity and dexterity compared to 
typically developing control children. Based on the cur-
rent literature [11, 20–22, 25, 28] it is hypothesized that: 
(i) Dexterity will not be significantly different between 
prosthesis and simulator groups and (ii) lateralization 
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of the brain will be less pronounced for prosthesis users 
(due to less specialized neural organization).

Methods
Experimental design
An experimental group of children with unilateral upper-
limb reduction deficiency on the left side. A sex- and age 
matched control group performed a gross manual dex-
terity task with the preferred (right) and non-preferred 
(left) sides while measuring motor cortical activity in 
both hemispheres. The experimental group performed 
the motor task wearing a prosthesis on the non-preferred 
side (affected left side) and similarly, the control group 
performed the same task wearing a prosthetic simula-
tor on the non-preferred side (also left side). All children 
(experimental and control groups) showed right-hand 
preference.

Subjects
Five children with congenital, ULD (3 boys, 2 girls, 
8.76 ± 3.37  years of age) and five age- and sex-matched 
typically developing control subjects (TD; 3 boys, 2 girls, 
8.96 ± 3.23  years of age) were enrolled. Two upper-limb 
deficient subjects had trans-radial reductions, and three 
had partial hand (trans-metacarpal) reductions (Table 1). 
All subjects ULD had left side impairment and showed 
right-hand preference. All typically developing chil-
dren preferred their right hand when performing motor 
tasks. The preferred hand of both groups was determined 
by the repeated preference of their right hand during 
observed behaviors such as writing, drawing, throwing, 
and forward reaching tasks with and without the device 

as well as the results from the Handedness Questionnaire 
[29].

Inclusion criteria were children (male and female; 
aged 3–16  years) with congenital, unilateral upper-limb 
reductions of any digit, hand, arm, or shoulder. Any 
subjects with prior prosthesis experience were included 
only if they had not used a prosthesis for at least six 
months prior to conduction of the study. Exclusion cri-
teria included upper extremity injury within past month, 
medical conditions that are contraindications for wear-
ing a prosthesis (such as skin abrasions and musculoskel-
etal injuries of the upper limbs), as well as neurological 
or psychiatric disorders based on parent’s report. For the 
control subjects, all inclusion and exclusion criteria were 
identical aside from the presence of a congenital upper 
limb reduction.

All children were admitted to the study following 
informed assents or parental written consent as approved 
by the Institutional Review Board of the University of 
Nebraska Medical Center.

All subjects completed a medical history questionnaire. 
Parents and children were informed about the study and 
parents signed a parental permission form. For children 
aged 6–10  years, an assent was explained by the corre-
sponding author and signed by the children and their 
parents. Additionally, detailed safety guidelines were 
given to parents of upper-limb deficient subjects regard-
ing the use and care of the prosthesis.

Gross manual dexterity task
The Box and Block Test was used to assess gross 
manual dexterity for the experimental and control 
group. The Box and Block Test has been suggested as 

Table 1 Characteristics of research participants (n = 10)

Experimental group presented congenital reduction deficiencies. Age was not significantly different

ID Gender Age (years) Preferred side Reduction level Affected side Ability to pinch

Experimental group (congenital upper limb reduction deficiency)

 1 Girl 6.2 Right Partial hand Left No

 2 Girl 8.2 Right Trans‑radial Left No

 3 Boy 11.1 Right Partial hand Left No

 4 Boy 5.1 Right Trans‑radial Left No

 5 Boy 13.2 Right Partial hand Left No

 M ± SD 8.76 ± 3.37

Control group (typically developing)

 1 Girl 6.4 Right None None Yes

 2 Girl 8.3 Right None None Yes

 3 Boy 11.3 Right None None Yes

 4 Boy 5.6 Right None None Yes

 5 Boy 13.2 Right None None Yes

 M ± SD 8.96 ± 3.23
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a measure of unilateral gross dexterity [30, 31] and has 
been previously used to assess upper-limb prosthetic 
performance and motor learning [32]. Norms have 
been collected on adults with neuromuscular involve-
ment and in typically developing children [30, 31]. The 
Box and Block Test consist in a wooden box dimen-
sioned in 53.7 cm × 25.4 cm × 8.5 cm. The partition is 
placed at the middle of the box, dividing it in two con-
tainers of 25.4  cm each. There are 150 wooden cubes 
of 2.5 cm in size [30]. The Box and Block Test provides 
quantitative data regarding the gross dexterity of the 
affected and non-affected upper limbs [15, 16].

After providing instructions, the children were 
allowed a 15-s trial period prior to testing. Immedi-
ately before testing begins, the child was asked to place 
his/her hands on the sides of the box. When testing 
begins, each child is asked to grasp one block at a time, 
transport the block over the partition, and release it 
into the opposite compartment. This task was per-
formed for 1 min in duration. A 30 s period of rest was 
given and the procedure was then repeated with the 
other hand. After testing, the blocks were counted. If a 
child transported two or more blocks at the same time, 
this was noted and subtracted from the total.

Design and fitting of the prostheses and prosthetic 
simulators
Prostheses
A modified version of the 3D-printed transitional par-
tial hand and trans-radial arm prostheses named Cyborg 
Beast 2 was used in the study [6] (Fig. 1). The modified 
devices were designed using Autodesk Fusion 360 (Fusion 
360, Autodesk, Inc., San Rafael, CA, USA) and were man-
ufactured in Biomechanical Rehabilitation and Manufac-
turing Facilities located in the Biomechanics Research 
Building of the University of Nebraska at Omaha.

The partial hand and trans-radial prostheses used in 
the current investigation are classified as voluntary-clos-
ing devices [6] (Fig.  1). The voluntary closing terminal 
devices were custom scaled and fitted to a customized 
socket [5]. Specifically, the partial hand prostheses incor-
porated a simple hinge joint in the wrist for grip actua-
tion driven by wrist flexion, while trans-radial design 
included a similar hinge mechanism at the elbow and 
was driven by elbow flexion. To increase visual appeal 
all hands have been designed to incorporate five fingers, 
each with 2 degrees of freedom. The index finger and 
thumb are oriented in opposition to facilitate cylindri-
cal grasp and tip pinch. Silicone fingertips were added 
to provide enhanced traction and pliability for grasping 
activities. Elastic cords placed inside the dorsal aspect 
of the fingers provided passive finger extension. Finger 

Fig. 1 Description of prostheses and prosthetic simulators. The prosthetic simulators used in the study mimic the design and control mechanism 
of the prostheses. The partial hand prosthesis simulator allowed typically developing children to rest their existing hand on top of the simulator 
hand, with the wrist in slight extension. A pushing platform placed above the hand allowed wrist active flexion and passive extension to facilitate 
actuation of the hand. Similarly, the trans‑radial simulators incorporated similar features than the trans‑radial prosthesis with the addition of a 
handle that allowed typically developed children to actuate the device by elbow flexion
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flexion was produced by nylon cords embedded in the 
palmar surface of each finger and actuated by flexion of 
the wrist (partial hand prosthesis) or elbow (trans-radial 
prosthesis). The finger and thumb were oriented in oppo-
sition to facilitate cylindrical grasp and pinch. A BOA 
dial tensioner system (Mid power reel M3, BOA Technol-
ogy Inc., Denver, Colorado) allowed regulating the ten-
sion of the cables controlling the finger flexion (Fig. 1).

Prosthetic simulators
The prosthetic simulators used in the study used identical 
design and actuation methods to the prosthetic devices 
(Fig. 1). The primary function of these prosthetic simula-
tors was to replicate the actuation and general function 
of the partial hand and trans-radial prostheses in typi-
cally developing children, thus the prosthetic simulator 
was placed in the non-dominant arm of the TD group. 
The partial hand simulator allowed typically developing 
children to rest their existing hand on top of the simu-
lator hand, with the wrist in slight extension. A pushing 
platform placed above the partial hand simulator, was 
strapped to the hand to immobilize the fingers and allow 
for wrist active flexion and passive extension to facilitate 
actuation of the hand. Similarly, the trans-radial simu-
lator incorporated similar features than the prosthetic 
device with the addition of a handle that allowed typically 
developed children to actuate the device by elbow flexion 
(Fig. 1).

3D printing specifications
Desktop 3D printers (Ultimaker 2 Extended+, Ultimaker 
B.V., Geldermalsen, the Netherlands) were used for the 
manufacturing of the devices. The prosthesis was manu-
factured using PLACTIVE™ (PLACTIVE™ 1% Antibac-
terial copper additive, Copper3D Inc, Santiago, Chile) 
which is a high quality polylactic acid polymer PLAC-
TIVE™ physical and mechanical properties are optimal 
for prosthetic applications [33].

All parts were printed at 40% infill (hexagon pattern), 
50 mm/s print speed, 150–200 mm/s travel speed, 50 °C 
heated bed, printing temperature of 200  °C, 0.15  mm 
layer height, and 1  mm shell thickness. Post-processing 
consisted in support removal and filing of rough areas in 
the joints and prosthetic socket area in contact with the 
skin.

Functional near‑infrared spectroscopy
A continuous wave 24-channel fNIRS system (Hitachi 
ETG-4000, Hitachi Medical Corporation, Tokyo, Japan) 
was used to non-invasively investigate the changes in 
oxygenated (HbO) and deoxygenated (HbR) hemoglobin 
concentrations in the sensorimotor cortex and nearby 
brain areas during a gross manual dexterity task (Fig. 2). 

The adjustable headgear (Fig.  3) was positioned on the 
head following the 10–20 international system [34] so 
that the center of the headgear was aligned with the ver-
tex (Cz) and lateral channels cover the area around the 
C3 and C4 landmarks (including precentral and postcen-
tral gyri; Fig. 3), which have been shown to detect motor 
activity and sensory information related to hand and arm 
movements [35, 36]. The probe set used consisted of 10 
sources and 8 detectors separated by 3 cm in a cap, which 
housed mounting geometries for the optodes (Fig.  3). 
Adjustable straps present in the center of the cap allowed 
for appropriate probe positioning (Fig.  3). The probe 
holders and their position on the head ensured stable 
optical contact with the subjects’ scalp for all optodes. 
For the left side, the 3 × 3 source-detector set was cen-
tered on C3 and the right side 3 × 3 source-detector set 
was centered on C4.

The measurement principles are based on the modified 
Beer–Lambert law with a differential path length correc-
tion of 6 and partial volume correction of 1/60 for both 
wavelengths [37]. The ETG-4000 utilizes two kinds of 
near-infrared light (695 and 830 nm). The sampling rate 
for the recording was 10 Hz and recordings were trans-
ferred from the ETG-4000 to an encrypted hard drive.

Data analysis
Probe registration
To register a fNIRS probe a set of landmarks are defined 
relative to the fNIRS sensors in the two-dimensional 
space based on 10–20 coordinates. Using this informa-
tion, the probe is then registered to the Colin27 atlas 
(stereotaxic average of 27 T1-weighted MRI scans) [38], 
which generates a layered head model (skin, skull, cer-
ebral spinal fluid, gray/white matter). The registration of 
the fNIRS probe to the brain model is done by rescaling 
the brain to match the estimated head circumference of 
the subject.

Region of interest analysis
Regions-of-interest, which look at localized brain acti-
vation, are defined using anatomical registration. For 
three-dimensionally registered probes, the expected rela-
tive sensitivity of each fNIRS source-to-detector channel 
to anatomical parcellation labels can be used to define a 
weighted region-of-interest based on the optical forward 
model. This optical forward model defines the sensitiv-
ity of the measurements in channel space to underlying 
changes in the brain space. For anatomical regions-of-
interest, the optical forward model and a brain-space 
region mask define the contrast vector in channel-space. 
For statistical testing of the region-of-interest, this con-
trast vector defines the expected response in channel 
space given the region in brain space. Thus, it is possible 
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to test the null hypothesis that the signal from the region-
of-interest is equal to zero. The result is a series of 
weighted source-detector pair activations which are 
correlated to anatomical brain regions for each subject, 
which can then be compared to assess common patterns 
of activation and involved brain regions which are statis-
tically significant [39–41].

Cortical activation
The NIRS Brain AnalyzIR Toolbox [40] was used to 
analyze the fNIRS data. The AnalyzIR Toolbox is a 
Matlab (The MathWorks, Inc., Natick, Massachu-
setts, United States) based statistical and visualization 
package which is able to analyze time-series fNIRS 
data through the use of general linear models (GLMs) 
such as linear regression [39–41]. The assumption 
of GLM is that the brain’s response to a task condi-
tion is linearly additive and consistent across trials 
[39, 42]. The GLM model is described by the equation 
�[Hbx] = X · β + ε , where �[Hbx] represents the meas-
urement vector, therefore the changes in concentra-
tion of HbO and HbR (Fig.  4) in a given brain region, 
while X stores information regarding event onset and 
termination including the design matrix encoding the 
timing of stimulus events, β defines the unknowns 
in the model representing the weighted regression 

Fig. 2. Placement of the functional near‑infrared spectroscopy (fNIRS) head set and probe adjustment

Fig. 3 a Adjustable headgear and channels arrangement. The 
headset was centered at the vertex (Cz) and lateral channels placed 
over the C3 and C4 motor cortex landmarks associated with motor 
activity of the hand and arm movements. Red rectangles show the 
adjustable Velcro straps used to accommodate different head sizes. 
b Visualization of headgear after virtual registration to subject brain 
model. Blue lines indicate placement of the headgear over the brain
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coefficients for a particular source-detector channel. 
and ε represents measurement error [39]. The design 
matrix was constructed from the convolution of the 
stimulus timing and duration with a canonical hemo-
dynamic response function (see details in Barker et al.  
[43]). The purpose of this linear regression is to esti-
mate these weighted regression coefficients based on 
the data vector Y ( i.e.,�[Hbx] ) and the design matrix 
X. If the weight β associated with a particular regres-
sor (e.g., a specific task) is statistically nonzero, then 
that regressor is important in modeling the data. Thus, 
the statistical map of these weights associated with 
task components is generally interpreted as indicating 
the brain regions that statistically change based on the 
task (e.g., brain activity). Thus, in this analysis, there 
is no preprocessing needed. Instead, the two major 
sources of confounding noise, physiological noise and 
motion artifacts, were dealt with statistically within the 
GLM [39]. To reduce systemic physiology and motion-
induced artifacts, an iteratively auto-regressively whit-
ened, weighted least-squares model was used to solve 
the general linear equation. This regression model uses 
an nth order auto-regressive filter determined by an 
Akaike model-order selection to whiten both sides of 
the GLM expression [44]. Specifically, for the subject 
level analysis the regression coefficients (β) and their 
error-covariance (Covβ) were estimated, and used to 
define statistical tests between task conditions or base-
line. To investigate if performing the motor task elicited 
a significant brain activation compared with the resting 
period we used a GLM with a boxcar function of the 
timing of the motor task as a regressor [43]. The regres-
sion model was solved sequentially for each data file 
for each research participant. All source-detector pairs 
within a file were solved concurrently providing a full 
covariance model of the noise, which was used in the 
group-level analysis. T-tests were used to determine if 
the regression coefficients were statistically non-zero 
(Figs. 4 and 5).

For each condition (ULD and TD preferred and non-
preferred side with device), group-level analysis was 
performed using a linear mixed effects model, using the 
task-related regression weights (β) from the first-level 
GLM as the dependent variable and subject as a ran-
dom effect. A modified version of the MATLAB func-
tion fit LME (linear mixed effects model estimator) 
was used to solve the weighted maximum likelihood 
estimate of the parameters. The model was whitened 
using the error covariance (Covβ) of the first level GLM 
model. To control for multiple comparisons, a Benja-
mini–Hochberg [45] false discovery rate (FDR) cor-
rection was used with the significance level set at 0.05 
(p ≤ 0.05) [46]. In summary, the AnalyzIR Toolbox [40] 
was able to compute statistical significance (T-test) in 
numerous models for both subject- and group-level 
statistics on a voxel by voxel basis, allowing for visu-
alization of cortical hemodynamic responses with very 
good spatial resolution and correlation to specific brain 
regions [39, 40, 42, 43]. Through the automatic weight-
ing of regression coefficients for each source-detec-
tor pair, a partial intensity of each pair’s signal can be 
inferred as being caused by brain activity in a specific 
region with good accuracy to the registered and scaled 
Colin27 brain atlas model using a region of interest 
(ROI) analysis [40]. This analysis allows for the evalua-
tion of less “coarse” brain regions than more traditional 
analyses, and acts as a supplement to the mean value 
assessments for HbO and HbR (Fig. 5).

Laterality Index
The Laterality Index (LI) was used to reveal hemispheric 
dominance using the following formula:

In this equation,  HbOl represents a left hemisphere 
channel and  HbOr indicates the channel from the right 
hemisphere in the corresponding pair. The LI normalizes 
cortical activation differences between channels, thereby 
revealing which hemisphere experienced a larger change 
during the task. Negative values indicate right-hemi-
sphere dominant activations, while positive values indi-
cate a left hemisphere dominant activation. Thus, an LI 
value of “− 1” represents complete left hemisphere domi-
nant activation, an LI value of “+ 1” corresponds to com-
plete right-hemisphere dominant activation and an LI of 
“0” reflects bilateral activation (Fig. 6) [47].

Statistical analysis
A Shapiro–Wilk test was performed to analyze all data 
for normality with a C.I of 95%, with the null hypothesis 
of this test stating that the LI using the limb of interest 

LI =
HbOl −HbOr

HbOl +HbOr

Fig. 4 Functional near‑infrared spectroscopy (fNIRS) filtered 
waveform from the motor cortex of the left hemisphere of the 
experimental group (Subject 2 in Table 1)
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Fig. 5 Visualization of brain activity patterns from a typically developing (TD) child (Control group ID: 5) and a child with unilateral limb deficiency 
(ULD; Experimental group ID: 5). The left hemisphere from the children with ULD showed a significant ipsilateral activation

Fig. 6 Laterality indices of children with upper‑limb deficiency (ULD) and typically developing (TD) children during the performance of a functional 
task with preferred (right) and non‑preferred hands (left for TD and affected for ULD)
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(non-preferred with device) is normally distributed 
within the sample population. Similarly a Levene’s Test 
of Homogeneity was also conducted to assess variance of 
the LI using the non-preferred limb between groups.

A two-way repeated measures ANOVA [2 × 2; 
hand (non-preferred side with device versus pre-
ferred side) × group (ULD versus TD)] was used to test 
hand × group interactions. The TD group used a pros-
thetic simulator equivalent to the prosthesis use by 
the ULD group in the same side LI values used as the 
dependent variable. An alpha value of 0.05 was consid-
ered statistically significant for all comparisons.

To determine the effectiveness in rehabilitation on 
functional outcomes we calculated the Minimal Clini-
cally Important Difference (MCID) [48, 49]. To estimate 
the MCID, which is the smallest amount of change in an 
outcome that might be considered clinically important 
we multiplied the pooled SD’s of the two group mean for 
preferred and non-preferred hands for manual gross dex-
terity and laterality index by 0.2 [48, 49].

Results
Group characteristics
Demographic characteristics of the sample are outlined 
by group status in Table  1. The groups did not differ in 
age, or gender. The prosthetic simulators used in the 
typically developing children group were matched to the 
hemisphere and level of amputation of the age- and sex-
matched to ULD subjects. All ULD subjects did not used 
a prosthesis for a minimum of 6 months before participa-
tion in the study. All subjects were right-handed.

The Shapiro–Wilk indicated that were non-significance 
results for the ULD (p = 0.639) and TD (p = 0.755) groups 
demonstrating normally distributed data. The Levene’s 
Test of Homogeneity using a 95% confidence interval 
indicated that for all the trials tested there were no sig-
nificant differences (p = 0.197) from the null hypothesis. 
These results suggest that all conditions were normally 
distributed and that the variances were homogenous 
between subject groups within the experiment.

Gross manual dexterity performance
There was a significant hand × group interaction for 
gross manual dexterity performance, F(1,4) = 96.034, 
p = 0.002. Post-hoc analyses revealed that for the pre-
ferred hand, the ULD group performed significantly 
lower (37.40 ± 6.65 blocks per minute) than the TD group 
(47.50 ± 6.2 blocks per minute). In agreement with our 
hypothesis, there was no significant difference (p = 0.948) 
in gross manual dexterity between the ULD group with 
prosthesis (7.23 ± 3.37 blocks per minute) and TD group 
with simulator (7.63 ± 5.61 blocks per minute).

The MCID in manual gross dexterity between groups 
for preferred and non-preferred hands was 1 block per 
minute.

Lateralization of brain activity
Significant differences from baseline (p < 0.05) were 
found for the superior aspects (left and right) of the pre-
central gyrus (M1) for ULD and TD groups (Fig. 5 and 6).

There was a significant hand x group interaction 
for LI, F(1,4) = 51.450, p = 0.002. Post-hoc analy-
ses (Tukey’s HSD) performed to decompose the 
model revealed that for the preferred hand, there 
were no significant differences (p = 0.2) between the 
ULD group (LI = − 0.2697 ± 0.0550) and TD group 
(LI = − 0.3293 ± 0.0879) LI values. For the non-pre-
ferred hand, however, there were significant differences 
(p = 0.001) between the ULD group with prosthesis 
(LI = − 0.2888 ± 0.0205) and TD group with simulator 
(LI = 0.0504 ± 0.0296) LI values, which was in agreement 
with our hypothesis showing a less pronounce lateraliza-
tion for prosthetic users (Table  3). Furthermore, a sig-
nificant difference (p = 0.001) was found between the 
preferred (LI = − 0.3293 ± 0.0879) and non-preferred 
hand with simulator (LI = 0.0504 ± 0.0296) for the TD 
group. No significant difference (p = 0.4) was found 
between the preferred (LI = − 0.2697 ± 0.0550) and non-
preferred with prosthesis (LI = − 0.2888 ± 0.0205) for the 
ULD group.

As shown in Fig.  3, the TD group presented prefer-
ential activation in the contralateral motor cortex while 
performing the motor task. In contrast, the ULD group 
showed preferential activation in the ipsilateral motor 
cortex when using the non-preferred side (affected side 
with prosthesis). Thus, the ULD group was found to have 
significant ipsilateral dominance for the non-preferred 
hand with the prosthesis when compared to the TD 
group using the simulator (Figs. 5 and 6).

The MCID in LI between groups for the hemispheres 
controlling the preferred and non-preferred hands were 
0.0146 and 0.0051, respectively.

Discussion
The major findings of the present investigation are in 
agreement with our hypotheses indicating a non-signifi-
cant difference in gross manual dexterity between pros-
thetic and prosthetic simulator groups, as well as a less 
pronounced brain lateralization in children with ULD, 
resulting in a significant ipsilateral control when using a 
prosthesis.

Children with ULD, unlike the control group, showed 
significant activation in the ipsilateral motor cortex 
while performing a gross manual dexterity task using 
a prosthesis (Fig.  3). To control for device use, the 
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current investigation included a control group of typi-
cally developing children using a prosthetic simula-
tor (Fig. 1) that was biomechanically equivalent to the 
prosthesis used by the experimental group (Fig. 1). The 
gross manual dexterity task performance was the same 
for both groups (Table 2), suggesting that the degree of 
skills using the prostheses or simulator was also similar. 
This type of ipsilateral contribution has been reported 
in children with total hemispherectomy [50], adults 
with internal capsular stroke [50] and adults with uni-
lateral acquired amputations [51–53], but not yet 
reported in children with ULD.

This ipsilateral response is consistent with recent 
findings in adults with acquired amputation of the pre-
ferred right hand [51]. Philip et  al. [51], showed that 
the ipsilateral (left hemisphere) motor cortex plays a 
functional role in non-preferred hand motor learning 
and motor performance, specifically through experi-
ence-dependent changes in limb trajectory control (i.e., 
smoothness) [51, 54]. Similarly, a previous investigation 
by Hamzei et  al. [52], presented structural and func-
tional brain imaging data for seven cases (6 acquired 
and 1 congenital) of adults and children with acquired 
amputations and an adult with congenital reduction 
deficiency. Specifically, for a 22  years old subject with 
right congenital ULD showed ipsilateral sensorimotor 
cortex activation during right stump movements [52]. 
Reilly and Sirigu [53] found that one of four adults with 
upper limb reduction deficiency reported sensations in 
the affected limb evoked during transcranial magnetic 
stimulation of the ipsilateral hemisphere. Thus, there is 
some evidence suggesting that ipsilateral control may 
play a role in motor control strategy used by individu-
als with acquired or congenital ULD and for patients 
with congenital ULD it seems to be mostly influenced 

by previous experiences [51] that presumably occurred 
during critical development stages [28, 55].

Based on previous literature [13, 28, 51–56], the sig-
nificant contribution of ipsilateral motor areas (Fig. 3) in 
the children with ULD found in the present investigation 
may suggest a functional role of the left hemisphere to 
improve performance as a compensatory strategy dur-
ing critical development stages that may be influenced 
by prosthetic use [28]. The potential mechanism of 
action for the ipsilateral motor control may be related to 
the previously reported reduced levels of the inhibitory 
amino acid neurotransmitter gamma amino butyric acid 
(GABA) found in the motor cortex of individual with 
congenital ULD [56, 57], and reported to occur bilaterally 
after ischemic nerve blocking [20]. This decreased inhibi-
tion may enable or “unmask” [56] normally silenced, less 
specific inputs in the ipsilateral hemisphere, such as those 
originating from the affected limb using the prosthesis 
[28]. This decreased inhibition is greater at early devel-
opmental periods during childhood (i.e., critical peri-
ods) [55] in which the brain is more plastic and may also 
explain how individuals with congenital ULD can popu-
late the neglected brain territories with other brain repre-
sentations of cortically distant inputs of functional body 
parts [56] or artificial limbs to increase overall function 
[28]. This compensatory strategy is supported by investi-
gations reporting improvement in performance of adults 
with amputations driven by limb trajectory smoothness 
controlled by the ipsilateral dominant hemisphere [51, 
54] and a study showing that prolong prosthetic use in 
activities of daily living facilitate the recruitment of areas 
of the motor cortex normally devoted to the missing 
hand of adults with congenital ULD [28].

The NGST proposes that motor development is char-
acterized by two phases of variation: primary and sec-
ondary [13, 15, 18]. During the primary variability phase 
that is present before the child is one year of age, motor 
activity is variable and not based on environmental con-
ditions. In the secondary variability phase also called 
“experiential phase”, present after one year of age until 
adolescence, the child learns to select on the basis of 
active practice from a “variable movement repertoire” the 
most efficient motor strategy in each specific situation. 
However, it takes until adolescence before secondary var-
iability of all motor functions obtains its adult configura-
tion [13, 15, 18]. According to this theory children with 
ULD may lack representation of the missing part of the 
limb in the cerebral cortex [13, 15, 18]. Thus, it has been 
speculated that the child may have a limited number of 
“motor repertoires” for the affected upper-limb [13]. It 
has been suggested that intervention in these children at 
an early age, such as prosthetic fitting and use, may lead 
to an enlargement of the primary neuronal networks 

Table 2 Box and Block Task performance

ULD used a prosthesis in the non-preferred hand with a congenital reduction. 
TD use a prosthetic simulator in the non-preferred hand to match ULD. TD only 
used the simulator in the non-preferred hand, their preferred hand performed 
without a simulator

MCID Minimal Clinically Important Difference

*Significant differences (p = 0.020)

Task performance (blocks moved 
per minute)

ULD TD

Preferred hand 37.40 ± 6.65* 47.50 ± 6.20

Non‑preferred hand with 
device

7.23 ± 3.37 7.63 ± 5.61

SDPooled 6.43 (preferred)
4.63 (non‑preferred)

MCID 1 (preferred)
1 (non‑preferred)
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located in the cortical area involved with motor control 
of the affected limb [13, 15, 18] possibly facilitating the 
representation of the artificial limb on areas of the motor 
cortex normally devoted to the missing limb [28]. Under 
this framework, it seems conceivable that the significant 
contribution of ipsilateral motor pathways (Figs. 5, 6) in 
children with ULD found in the present investigation 
may be a compensation strategy in which the existing 
cortical representations of the non-affected (preferred) 
side are been used by the affected (non-preferred) side 
to operate the prosthesis [20, 21]. This rational is consist-
ent with mirror movements [58] observed in three of the 
children in the present investigation (Subjects 1, 2 and 
4). It has been reported [58] that mirror movements may 
originate ipsilaterally by uncrossed fast-conducting cor-
ticospinal tracts that descends during voluntary move-
ments from the hand motor cortex area to the ipsilateral 
side of the spinal cord. Thus, it can be speculated that this 
ipsilateral projection could depend on either a branching 
of crossed cortico-spinal fibers or a separate ipsilateral 
cortico-spinal projection [58].

It can be hypothesized that this initial ipsilateral com-
pensation during critical periods can be modified by 
prosthetic use. Thus, if the child uses the prosthesis 
extensively, it would facilitate the representation of the 
artificial limb on areas of the motor cortex normally 
devoted to the missing limb [28]. Recent findings [28] 
suggest that if a prosthesis is used frequently it can be 
neurophysiologically “embodied” supporting the notion 
that early prosthetic intervention in children with ULD, 
may facilitate an enlargement of the primary neuronal 
networks located in the cortical area involved with motor 
control of the affected limb. In theory, this may lead to 
a larger repertoire of motor strategies and integration of 
the prosthesis into the sensory and motor control of the 
child, facilitating prosthesis acceptance and embodiment 
[13, 15].

The potential rehabilitation applications of the results 
found in the present investigation are aligned with the 
bilateral and cross activation hypotheses from the cross-
education theory [21]. Cross education is the process 
of training the non-affected limb to enhance the motor 
performance of the affected, untrained limb. Several 
investigations have reported increases in motor skills, 
motor learning, and motor performance in the affected, 
untrained upper limb after training the non-affected 
limb, but the precise neural mechanism in children has 
not been clarified [21]. The ipsilateral dominance found 
in the present investigation may provide an opportu-
nity to effectively train the non-affected side to improve 
the functional performance of the affected side [20, 21]. 
These findings are not conclusive, however within the 
limitations of the present study, our results may suggest 

the potential use of prosthetic simulators to assist non-
prosthetic users familiarizing with the device and poten-
tially lowering the rejection and abandonment rate 
[12–14, 17]. These findings may provide justification for 
the use of rehabilitation paradigms that includes cross 
education elements during critical periods in children 
with unilateral congenital limb loss. By potentially stimu-
lating the hemispheric region of the missing limb using a 
prosthetic simulator, it can be inferred that children with 
ULD may be less likely to reject and abandon their final 
prosthesis, however more research in this area is needed.

The main limitations of the present study are related 
to the small number of children with ULD participat-
ing in the study (n = 5), age difference (5 to 13  years of 
age), and the different reduction level, including par-
tial hand (n = 3) and trans-radial (n = 2) reductions. The 
small sample size, wide age range difference, and differ-
ent reduction levels may have introduced inter-subject 
variability in the neural and motor parameters assessed 
in the current study. To partially control for these limita-
tions, we included an age and sex-matched control group 
using a prosthetic simulator equivalent to the prosthe-
sis used by the children with ULD. In addition, we only 
included children with congenital unilateral left upper 
limb deficiency, thus right-hand dominant and a control 
group also right-hand dominant. These specific require-
ments resulted in a low sample size for the experimental 
group (n = 5). Despite all these limitations, our statisti-
cal significant results for our neurological parameter, LI 
(Table 3) were well above the smallest amount of change 
in an outcome that might be considered clinically impor-
tant or MCID [48, 49].

Future investigations should examine the longitu-
dinal effect of prosthesis use and the effectiveness of 
using prosthetic simulators in neural and motor con-
trol parameters of children with ULD and acquire limb 
loss. Furthermore, other brain imaging methods, such as 
structural and functional magnetic resonance imaging 
and proton magnetic resonance spectroscopy should also 
be used to examine how prosthesis use influence differ-
ent brain structures and function, as well as the concen-
tration of GABA in the brain of children with congenital 
and acquire limb loss. Further analysis may help explain 
the mechanism describing how children with congenital 
or acquire limb loss can populate the neglected brain ter-
ritories with the representation of other inputs, such as 
artificial limbs.

Conclusion
In conclusion, the present investigation showed that chil-
dren with congenital upper-limb reduction deficiency, 
unlike the control group, showed significant activation 
in the ipsilateral motor cortex on the non-preferred side 
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using a prosthesis during a gross manual dexterity task. 
This strong contribution of ipsilateral motor pathways 
may suggest a functional role of the left hemisphere to 
improve performance as a compensatory strategy during 
critical development stages. It can be speculated that the 
potential mechanism of action for the ipsilateral motor 
control may be related to the reduced bilateral level of 
GABA found in the motor cortex of individual with con-
genital ULD. This decreased inhibition may enable or 
“unmask” normally silenced, less specific inputs in the 
ipsilateral hemisphere, such as those originating from the 
ipsilateral affected limb using the prosthesis. This ipsilat-
eral response may be a compensation strategy in which 
the existing cortical representations of the non-affected 
(preferred) side are been used by the affected (non-pre-
ferred) side to operate the prosthesis.

Abbreviations
ULD: Upper‑limb reduction deficiencies; TD: Typically developing; CDC: 
Centers for Disease Control and Prevention; fNIRS: Functional near‑infrared 
spectroscopy; 3D: Three dimensional; LI: Laterality Index; CAD: Computer‑
aided design; NGST: Neuronal Group Selection Theory; HbO: Oxygenated 
hemoglobin; HbR: Deoxygenated hemoglobin; GLM: General linear model; 
β: Regression coefficients and their error‑covariance; Covβ: Regression coef‑
ficients error‑covariance; ANOVAs: Analysis of variance; GABA: Gamma amino 
butyric acid; MCID: Minimal Clinically Important Difference.

Acknowledgements
We would like to thank the Biomechanical Rehabilitation and Manufactur‑
ing Initiative (BRMI) for the assistance in the design and manufacturing of 
the upper limb prostheses, assistance with the recruitment of the research 
participants, and coordination of the clinical trial, including IRB approval and 
reporting.

Authors’ contributions
JZ designed the study and the prosthesis, and is the Principal Investigator 
of the study. JZ also wrote the majority of the manuscript. JP, CP, CCR, and 
DS, collected the data, tested the prototypes, as well as assisting with overall 
data analysis, and manuscript editing. YW, KM, and TH edited the manuscript, 
supervised the fNIRS analysis, wrote the code for the analysis, and assisted the 
Principal Investigators with the interpretation of the results. All authors read 
and approved the final manuscript.

Funding
This paper was funded by the National Institute of Neurological Disor‑
ders and Stroke of the National Institutes of Health under Award Number 
[R01NS114282].

Availability of data and materials
Individual values are reported in Tables 1 and 3. The code to analyzed the 
fNIRS signal is available from the corresponding author on reasonable request.

Ethics approval and consent to participate
All children were admitted to the study following informed assents or parental 
written consent as approved by the Institutional Review Board of the Univer‑
sity of Nebraska Medical Center.

Consent for publication
All subjects completed a medical history questionnaire. All parents and chil‑
dren were informed about the study and parents signed a parental permission 
form. For children age 6 to 13 years of age, an assent was explained by the 
corresponding author and signed by the children and their parents.

Competing interests
Jorge M. Zuniga, Ph.D. is the designer of the 3D printed prostheses Cyborg 
Beast.

Author details
1 Department of Biomechanics, University of Nebraska at Omaha, Omaha, NE 
68182, USA. 2 Department of Special Education and Communication Disorders 
(SECD), University of Nebraska‑Lincoln, Lincoln, NE 68182, USA. 3 Department 
of Imaging Sciences and Interventional Radiology, Sree Chitra Tirunal Institute 
for Medical Science and Technology, Thiruvananthapuram, India. 4 Depart‑
ment of Radiology, University of Pittsburgh Medical Center, Pittsburgh, PA 
16148, USA. 

Received: 23 September 2020   Accepted: 25 December 2020

References
 1. CDC. Facts about upper and lower limb reduction defects. 2014. http://

www.cdc.gov/ncbdd d/birth defec ts/ul‑limbr educt ionde fects .html. 
Accessed June 2016.

 2. Giele H, Giele C, Bower C, Allison M. The incidence and epidemiology of 
congenital upper limb anomalies: a total population study. J Hand Surg. 
2001;26(4):628–34.

 3. Canfield MA, Honein MA, Yuskiv N, et al. National estimates and 
race/ethnic‑specific variation of selected birth defects in the 

Table 3 Laterality Index individual and mean values

a Significant mean differences

MCID Minimal Clinically Important Difference

ULD TD

Subject ID Preferred Non‑preferred with prosthesis Preferred Non‑preferred 
with simulator

1 − 0.2270 − 0.3104 − 0.4104 0.0868

2 − 0.2490 − 0.2583 − 0.4233 0.0310

3 − 0.3658 − 0.2997 − 0.3284 0.0109

4 − 0.2480 − 0.2969 − 0.2550 0.0618

5 − 0.2587 − 0.2788 − 0.2293 0.0616

M ± SD − 0.2697 ± − 0.0550 − 0.2888 ± 0.0205a − 0.3293 ± 0.0879a 0.0504 ± 0.0296

SDPooled ± 0.0733 ± 0.0254

MCID 0.0146 0.0051

http://www.cdc.gov/ncbddd/birthdefects/ul-limbreductiondefects.html
http://www.cdc.gov/ncbddd/birthdefects/ul-limbreductiondefects.html


Page 13 of 14Zuniga et al. J NeuroEngineering Rehabil           (2021) 18:24  

United States, 1999–2001. Birth Defects Res Part A Clin Mol Teratol. 
2006;76(11):747–56.

 4. Ten Kate J, Smit G, Breedveld P. 3D‑printed upper limb prostheses: a 
review. Disabil Rehabil Assist Technol. 2017;12(3):300–14.

 5. Zuniga JM, Young KJ, Peck JL, et al. Remote fitting procedures 
for upper limb 3d printed prostheses. Expert Rev Med Devices. 
2019;16(3):257–66.

 6. Zuniga JM, Peck J, Srivastava R, Katsavelis D, Carson A. An open source 
3D‑printed transitional hand prosthesis for children. J Prosthet Orthot. 
2016;28(3):103–8.

 7. Zuniga JM, Katsavelis D, Peck J, et al. Cyborg beast: a low‑cost 3d‑printed 
prosthetic hand for children with upper‑limb differences. BMC Res Notes. 
2015;8(1):10.

 8. Zuniga JM, Carson AM, Peck JM, Kalina T, Srivastava RM, Peck K. The devel‑
opment of a low‑cost three‑dimensional printed shoulder, arm, and hand 
prostheses for children. Prosthet Orthot Int. 2016;41:205–9.

 9. Young KJ, Pierce JE, Zuniga JM. Assessment of body‑powered 3D printed 
partial finger prostheses: a case study. 3D Print Med. 2019;5(7):1–8.

 10. Zuniga JM, Carson AM, Peck JM, Kalina T, Srivastava RM, Peck K. The devel‑
opment of a low‑cost three‑dimensional printed shoulder, arm, and hand 
prostheses for children. Prosthet Orthot Int. 2017;41(2):205–9.

 11. Zuniga JM, Peck JL, Srivastava R, et al. Functional changes through the 
usage of 3D‑printed transitional prostheses in children. Disabil Rehabil 
Assist Technol. 2017;14:68–74.

 12. Hadders‑Algra M, Reinders‑Messelink HA, Huizing K, van den Berg R, 
van der Sluis CK, Maathuis CG. Use and functioning of the affected limb 
in children with unilateral congenital below‑elbow deficiency during 
infancy and preschool age: a longitudinal observational multiple case 
study. Early Hum Dev. 2013;89(1):49–54.

 13. Huizing K, Reinders‑Messelink H, Maathuis C, Hadders‑Algra M, van der 
Sluis CK. Age at first prosthetic fitting and later functional outcome 
in children and young adults with unilateral congenital below‑elbow 
deficiency: a cross‑sectional study. Prosthet Orthot Int. 2010;34(2):166–74.

 14. Biddiss EA, Chau TT. Upper limb prosthesis use and abandonment: a 
survey of the last 25 years. Prosthet Orthot Int. 2007;31(3):236–57.

 15. Meurs M, Maathuis CG, Lucas C, Hadders‑Algra M, van der Sluis CK. Pre‑
scription of the first prosthesis and later use in children with congenital 
unilateral upper limb deficiency: a systematic review. Prosthet Orthot Int. 
2006;30(2):165–73.

 16. Biddiss E, Chau T. Upper‑limb prosthetics: critical factors in device aban‑
donment. Am J Phys Med Rehabil. 2007;86(12):977–87.

 17. Resnik L, Meucci MR, Lieberman‑Klinger S, et al. Advanced upper limb 
prosthetic devices: implications for upper limb prosthetic rehabilitation. 
Arch Phys Med Rehabil. 2012;93(4):710–7.

 18. Sporns O, Edelman GM. Solving Bernstein’s problem: a proposal for 
the development of coordinated movement by selection. Child Dev. 
1993;64(4):960–81.

 19. Hadders‑Algra M. Early human motor development: from variation to the 
ability to vary and adapt. Neurosci Biobehav Rev. 2018;90:411–27.

 20. Wheaton LA. Neurorehabilitation in upper limb amputation: understand‑
ing how neurophysiological changes can affect functional rehabilitation. 
J Neuroeng Rehabil. 2017;14(1):41.

 21. Ruddy KL, Carson RG. Neural pathways mediating cross education of 
motor function. Front Hum Neurosci. 2013;7:397.

 22. Weeks DL, Wallace SA, Anderson DI. Training with an upper‑limb pros‑
thetic simulator to enhance transfer of skill across limbs. Arch Phys Med 
Rehabil. 2003;84(3):437–43.

 23. Vasluian E, Bongers RM, Reinders‑Messelink HA, Burgerhof JG, Dijkstra 
PU, van der Sluis CK. Learning effects of repetitive administration of the 
Southampton Hand Assessment Procedure in novice prosthetic users. J 
Rehabil Med. 2014;46(8):788–97.

 24. Weeks DL, Anderson DI, Wallace SA. The role of variability in practice 
structure when learning to use an upper‑extremity prosthesis. J Prosthet 
Orthot. 2003;15(3):84–92.

 25. Maimon‑Mor RO, Makin TR. Is an artificial limb embodied as a hand? Brain 
decoding in prosthetic limb users. PLoS Biol. 2020;18(6):e3000729.

 26. Valk TA, Mouton LJ, Bongers RM. Joint‑angle coordination patterns ensure 
stabilization of a body‑plus‑tool system in point‑to‑point movements 
with a rod. Front Psychol. 2016;7:826.

 27. Hadders‑Algra M. The neuronal group selection theory: promising princi‑
ples for understanding and treating developmental motor disorders. Dev 
Med Child Neurol. 2000;42(10):707–15.

 28. van den Heiligenberg FMZ, Orlov T, Macdonald SN, et al. Artificial limb 
representation in amputees. Brain J Neurol. 2018;141(5):1422–33.

 29. Oldfield RC. The assessment and analysis of handedness: the Edinburgh 
inventory. Neuropsychologia. 1971;9(1):97–113.

 30. Mathiowetz V, Volland G, Kashman N, Weber K. Adult norms for the Box 
and Block Test of manual dexterity. Am J Occup Ther. 1985;39(6):386–91.

 31. Mathiowetz V, Wiemer DM, Federman SM. Grip and pinch strength: 
norms for 6‑ to 19‑year‑olds. Am J Occup Ther. 1986;40(10):705–11.

 32. Dromerick AW, Schabowsky CN, Holley RJ, Monroe B, Markotic A, Lum 
PS. Effect of training on upper‑extremity prosthetic performance 
and motor learning: a single‑case study. Arch Phys Med Rehabil. 
2008;89(6):1199–204.

 33. Zuniga J. 3D printed antibacterial prostheses. Appl Sci. 2018;8(9):1651.
 34. Klem GH, Luders HO, Jasper HH, Elger C. The ten‑twenty electrode system 

of the International Federation. The International Federation of Clinical 
Neurophysiology. Electroencephalogr Clin Neurophysiol. 1999;52(1):3–6.

 35. Peronnet F, Aguilaniu B. Lactic acid buffering, nonmetabolic CO2 and 
exercise hyperventilation: a critical reappraisal. Respir Physiol Neurobiol. 
2006;150(1):4–18.

 36. Nishiyori R, Bisconti S, Ulrich B. Motor cortex activity during functional 
motor skills: an fNIRS study. Brain Topogr. 2016;29(1):42–55.

 37. Strangman G, Franceschini MA, Boas DA. Factors affecting the accuracy of 
near‑infrared spectroscopy concentration calculations for focal changes 
in oxygenation parameters. Neuroimage. 2003;18(4):865–79.

 38. Holmes CJ, Hoge R, Collins L, Woods R, Toga AW, Evans AC. Enhancement 
of MR images using registration for signal averaging. J Comput Assist 
Tomogr. 1998;22(2):324–33.

 39. Huppert TJ. Commentary on the statistical properties of noise and its 
implication on general linear models in functional near‑infrared spectros‑
copy. Neurophotonics. 2016;3(1):010401.

 40. Santosa H, Zhai X, Fishburn F, Huppert T. The NIRS brain AnalyzIR toolbox. 
Algorithms. 2018;11(5):73.

 41. Friston KJ, Holmes AP, Worsley KJ, Poline JP, Frith CD, Frackowiak RS. Sta‑
tistical parametric maps in functional imaging: a general linear approach. 
Hum Brain Mapp. 1994;2(4):189–210.

 42. Abdelnour F, Huppert TJ. NIRS‑specific adaptation of the general linear 
model for statistical mapping of brain activity. Paper presented at: Digital 
holography and three‑dimensional imaging. 2010.

 43. Barker JW, Aarabi A, Huppert TJ. Autoregressive model based algorithm 
for correcting motion and serially correlated errors in fNIRS. Biomed Opt 
Express. 2013;4(8):1366–79.

 44. Hoppes CW, Sparto PJ, Whitney SL, Furman JM, Huppert TJ. Changes in 
cerebral activation in individuals with and without visual vertigo during 
optic flow: a functional near‑infrared spectroscopy study. NeuroImage 
Clin. 2018;20:655–63.

 45. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical 
and powerful approach to multiple testing. J R Stat Soc Ser B (Methodol). 
1995;57(1):289–300.

 46. Green GH, Diggle PJ. On the operational characteristics of the Benjamini 
and Hochberg False Discovery Rate procedure. Stat Appl Genet Mol Biol. 
2007;6:Article27.

 47. Seghier ML. Laterality index in functional MRI: methodological issues. 
Magn Reson Imaging. 2008;26(5):594–601.

 48. Lemieux J, Beaton DE, Hogg‑Johnson S, Bordeleau LJ, Goodwin PJ. 
Three methods for minimally important difference: no relationship was 
found with the net proportion of patients improving. J Clin Epidemiol. 
2007;60(5):448–55.

 49. Page P. Beyond statistical significance: clinical interpretation of rehabilita‑
tion research literature. Int J Sports Phys Ther. 2014;9(5):726–36.

 50. Lee RG, van Donkelaar P. Mechanisms underlying functional recovery 
following stroke. Can J Neurol Sci. 1995;22(4):257–63.

 51. Philip BA, Frey SH. Compensatory changes accompanying chronic 
forced use of the nondominant hand by unilateral amputees. J Neurosci. 
2014;34(10):3622–31.

 52. Hamzei F, Liepert J, Dettmers C, et al. Structural and functional cortical 
abnormalities after upper limb amputation during childhood. NeuroRe‑
port. 2001;12(5):957–62.



Page 14 of 14Zuniga et al. J NeuroEngineering Rehabil           (2021) 18:24 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 53. Reilly KT, Sirigu A. Motor cortex representation of the upper‑limb in 
individuals born without a hand. PLoS ONE. 2011;6(4):e18100.

 54. Sainburg RL. Handedness: differential specializations for control of trajec‑
tory and position. Exerc Sport Sci Rev. 2005;33(4):206–13.

 55. Hensch TK. Critical period plasticity in local cortical circuits. Nat Rev 
Neurosci. 2005;6(11):877–88.

 56. Hahamy A, Macdonald SN, van den Heiligenberg F, et al. Representation 
of multiple body parts in the missing‑hand territory of congenital one‑
handers. Curr Biol. 2017;27(9):1350–5.

 57. Kew JJ, Ridding MC, Rothwell JC, et al. Reorganization of cortical blood 
flow and transcranial magnetic stimulation maps in human subjects after 
upper limb amputation. J Neurophysiol. 1994;72(5):2517–24.

 58. Cox BC, Cincotta M, Espay AJ. Mirror movements in movement disorders: 
a review. Tremor Other Hyperkinetic Mov. 2012;2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Brain lateralization in children with upper-limb reduction deficiency
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Pediatric population
	Adult population
	Knowledge gap

	Methods
	Experimental design
	Subjects
	Gross manual dexterity task
	Design and fitting of the prostheses and prosthetic simulators
	Prostheses
	Prosthetic simulators

	3D printing specifications
	Functional near-infrared spectroscopy
	Data analysis
	Probe registration
	Region of interest analysis
	Cortical activation
	Laterality Index
	Statistical analysis


	Results
	Group characteristics
	Gross manual dexterity performance
	Lateralization of brain activity

	Discussion
	Conclusion
	Acknowledgements
	References


