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Traumatic brain injury (TBI) impairs sensory–motor functions, with debilitating
consequences on postural control and balance, which persist during the
chronic stages of recovery. The Timed Up and Go (TUG) test is a reliable, safe,
time-efficient, and one of the most widely used clinical measures to assess
gait, balance, and fall risk in TBI patients and is extensively used in inpatient
and outpatient settings. Although the TUG test has been used extensively due
to its ease of performance and excellent reliability, limited research has been
published that investigates the relationship between TUG performance and
quantitative biomechanical measures of balance. The objective of this paper
was to quantify the relationship between biomechanical variables of balance
and the TUG scores in individuals with chronic TBI. Regression models were
constructed using six biomechanical variables to predict TUG scores. The
model that conservatively removed gait speed (i.e., TUG-1/GS) gave the best
results, achieving a root-mean-square error of ∼±2 s and explaining over 69%
of the variability.
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1 Introduction

Traumatic brain injury (TBI) affects 2.87 million people annually in the United States

and is a leading cause of long-term disability (1, 2). More than 20% of these individuals

have a moderate or severe TBI with secondary motor impairments (2). TBI can impair

sensory–motor functions, with debilitating consequences on balance, which persist

during the chronic stages of recovery (3, 4). Individuals with TBI have reduced postural

stability due to these sensory–motor deficits post-injury (5, 6). Sensory systems

(vestibular, proprioceptive, and visual), sensory integration, and muscular responses

show functional deficits due to TBI (3, 4). Specific to sensory systems, TBI can directly

affect one or more visual, vestibular, or proprioceptive systems (3, 4). This leads to

changes in how the central nervous system organizes sensory inputs for postural

stability and balance, either due to deterioration in the sensory systems themselves or

compensation for losses in sensory integration (5, 6). As a result, people with TBI with

compromised sensory–motor functions have debilitating consequences on postural
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TABLE 1 Participant demographics.

Participant Sex Age Weight
(kg)

Height
(m)

TSI
(years)

TBI 12 M, 7
F

41.42 ±
16.31

82.53 ± 22.22 1.71 ± 0.10 7.24 ± 8.18

HC 8 M, 4
F

46.25 ±
18.65

82.58 ± 14.65 1.74 ± 0.10 N/A
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control and balance (3, 4). Failure to utilize postural stability and

balance mechanisms can lead to reduced speed, control and co-

ordination and an increased risk of falls in individuals post-TBI

(3, 4). Thus, effective postural control is a fundamental necessity

for functional mobility.

The Timed Up and Go (TUG) test is a reliable, cost-effective,

safe, time-efficient, and one of the most widely used clinical

methods to assess mobility, including gait, postural control, and

fall risk, among individuals with TBI for both inpatient and

outpatient settings (7–9). TUG assesses various motor tasks such

as sit to stand, standing, walking, and turning. Thus, TUG

evaluates multiple aspects of balance. TUG is known to assess

activity limitations in the International Classification of

Functioning (ICF), Disability, and Health model by examining

the patient’s ability to ambulate, balance, and perform transfers

while avoiding many of the complications inherent to qualitative

scoring or self-reports. TUG has shown excellent test–retest

reliability (ICC = 0.86) in the TBI population and has been

shown to correlate well with the Berg Balance Scale (r =−0.81)
(7, 10). Although the TUG test has been used extensively due to

its ease of performance and excellent reliability, limited research

has been published investigating the relationship between TUG

performance and quantitative biomechanical measures of balance.

Previous research subdivided TUG into phases to understand

motor function using temporal and spatial characteristics during

TUG performance (11, 12). While this approach may provide

insight into specific movement components that contribute to

TUG performance, it did not capture the balance components or

balance deficits. In fact, little focus has been placed on how

functional and clinical measures might be explained through

biomechanical balance parameters to predict clinical balance

ability. The task of the human balance system is to keep the

body’s center of mass (COM) positioned over the base of

support (BOS) and aligned with the center of pressure (COP)

(13). The balance system constantly tries to maintain this

stability, even during quiet standing, where there are small

postural sways that reflect the constant activity of control (13).

Perturbations, whether external or internal, disrupt the alignment

between COM and COP, resulting in a loss of balance (13).

Balance is maintained by using ankle or/and hip response (5, 6,

13). Posturography aims to quantify these changes to better

understand balance mechanisms (13–15). COM, COP trajectory

(path length, PL), and, more recently, trunk trajectory are

predominantly used to quantify and understand the

biomechanical characteristics of balance (13–20). Previous

research used components of the Sensory Organization Test in

conjunction with data from a limits-of-stability exercise to

predict a questionnaire on self-perceived balance deficits (21). In

this investigation, there were no significant balance-related

covariate effects in the regression models (21). Thus, the

objective of this paper was to quantify the relationship between

biomechanical variables of balance and the TUG scores in

individuals with chronic TBI. We hypothesized that TUG scores

would be related to dynamic and reactive balance variables.

Understanding the relationship between TUG performance and

biomechanical metrics could help inform the development of
Frontiers in Rehabilitation Sciences 02
personalized interventions for individuals with TBI based on

their residual motor and balance deficits. In addition, the

information could be used to guide recovery progression and

may ultimately improve TBI rehabilitation.
2 Methodology

2.1 Participants

Twenty-one individuals diagnosed with TBI (>6 months) and

presenting with unilateral or bilateral moderate-to-severe deficits

at the time of injury were recruited for the study. Inclusion

criteria for the participants were as follows: (1) aged between 18

and 68 years; (2) diagnosed with TBI; (3) absence of orthopedic,

neuromuscular, or severe neurological pathologies unrelated to

their TBI that could interfere with their ability to ambulate; and

(4) ability to stand upright for 30 min with or without assistance;

and cognitive capability to follow commands. One participant

was excluded based on an outlier analysis performed on Timed

Up and Go using MATLAB, and another participant did not

complete all the balance tasks. Nineteen TBI participants were

included for analysis during visit 1. Fifteen of these participants

returned for visit 2. Also, 12 age-matched healthy controls (HC)

were recruited for the study. Inclusion criteria for the

participants were as follows: (1) aged between 18 and 68 years;

(2) absence of orthopedic, neuromuscular, or neurological

pathologies that could interfere with their ability to ambulate;

and (3) no diagnosed cognitive disability. Demographics for all

participants are presented in Table 1. All procedures performed

in this investigation were approved by the Institutional Review

Board at Kessler Foundation, and informed consent was obtained

prior to study participation. The participants were recruited

through the Kessler Foundation participant database.
2.2 Data collection

Participants with TBI completed two data collection sessions

spaced one month apart: visit 1 and visit 2 (occurring ∼1 month

after visit 1). All participant data were collected in a dedicated

gait laboratory for research purposes. This gait lab provides an

unobstructed straight pathway for performing walking tasks. The

data collection environment was consistent across all participants

and across both visits. The objective is to quantify the

relationship between the biomechanical variables of balance and

the TUG scores. To validate the reliability of the computed
frontiersin.org
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FIGURE 1

Participant diagnosed with TBI on the Hunova robotic platform.
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relationship, the TBI participants repeated the tasks performed

during visit 1 after ∼1 month. The participants continued their

prescribed therapies to improve motor performance between visit

1 and visit 2. Healthy control participants performed one data

collection session. Data collection included the following measures:

TUG: Participants walked a distance of 3 m from a seated position,

turned around a cone, walked back to the chair, and sat back in

the chair with their back against the backrest. The time taken to

perform the task was recorded by an experienced rater (22).

Gait speed: The time to complete a 6-m walk was recorded.

Participants were instructed to walk a distance of 8 m along

an unobstructed pathway. The time taken to walk 6 m was

recorded. The first 1 m was for acceleration and the last 1 m

was for deceleration and were excluded from the speed

computation. Gait speed was computed as the distance of 6 m

divided by the time to complete the task (22).

Balance parameters: The balance parameters selected for this study

were collected from a series of balance tasks performed on a

commercially available Hunova robotic device (Movendo

Technology srl, Genoa, Italy) (23). The Hunova robotic

balance platform is an FDA Class II device used for objective

evaluation and rehabilitation of balance and postural control

in multiple populations (18, 19, 23–27). This balance

measurement device includes two electromechanical platforms:

one under the feet and the other under the seat (23). Each

platform has a six-axis force–torque sensor that is used to

estimate the antero-posterior (AP) and medio-lateral (ML)

components of the COP (23). From the COP measures, built-

in algorithms in the device compute the standard classical

parameters, such as the resultant range of oscillation of the

trunk, oscillation time of the trunk, area of the COP

movement duration of the sit-to-stand task, etc. (23). Optical

incremental encoders allow the measurement of the

inclination of the platform (23). Simultaneously, a wireless

inertial measurement unit (IMU) sensor, synchronized by

Hunova software with the robotic device, was placed on the

sternum of the user to monitor the trunk motion (23). IMU

sensors have been reliably and widely used in previous

posturography research (16–20).

The device enables the performance of various tasks, including

exercises to understand static/dynamic/reactive balance, limits of

stability, and sit-to-stand balance, as well as the measurement of

COP and trunk dynamics during these tasks (18, 23, 25). The

sampling rate is 100 Hz during all exercises. The following

balance parameters were measured on the Hunova device for all

participants (Figure 1):

(a) Static balance in “eyes open” (EO) and “eyes closed” (EC)

conditions: Participants were asked to perform quiet

standing and maintain their balance on the platform for

30 s. The test was performed in two conditions: with eyes

open (30 s; one trial) and with eyes closed (30 s; one trial).

(b) Dynamic balance on a passive surface: Participants stood on

the platform while it moved in a circular motion for 30 s

(one trial). One rotation of the platform was completed in
Frontiers in Rehabilitation Sciences 03
5 s with an inclination of 3° (19). Individuals were

instructed to maintain their balance while keeping their

trunks as upright as possible for the duration of the test.

(c) Limits of stability: The aim of this measurement was to

determine the participant’s cone of stability. Participants

were instructed to shift their center of gravity (COG) to

reach a target that appeared on the screen in any of four

possible directions and then shift their COG back to the

middle (for example, in a standing position, the patient

should move using his ankle range of movement, without

tilting the trunk). The target distance increased if the

participant reached the target. Participants shifted their

weight about the ankle to reach targets shown on the screen

in all three trials in each of the four directions.

(d) Reactive balance: The platform rotates randomly in three

different directions (forward, left, and right) with an angular

tilt at an amplitude of 6°. The foot platform moves

independently from the body sway using a pre-programmed

downward angular tilt along three different rotational axes.

In the forward direction, the platform tilts along the z-

direction, resulting in the toes going down. In the rightward

and leftward tilt directions, the platform tilts about the x-

axis, resulting in the right foot and left foot going down,

respectively. The platform rotates following a Gaussian
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profile trajectory with a peak at 330 ms after the perturbation

onset (mean velocity ∼16.5°/s) (18). The participants were

instructed to maintain their balance and keep the trunk

upright. Three perturbations were provided in each

direction, and to ensure that the perturbations were

unexpected, the disturbance directions and latency times

were random. The first perturbation was a practice trial and

was not evaluated.

(e) Sit-to-stand balance: The participants were asked to complete

five trials of the sit-to-stand task. The time required to

perform the task was recorded.
2.3 Data analysis

2.3.1 Variable selection
In this exploratory cross-sectional study, we developed a linear

model for the TUG test using balance parameters from a chronic

TBI and a healthy control cohort to quantify the relationship

between TUG performance and biomechanical parameters. The

selection of variables for subsequent analysis was based on a

comprehensive review of a large initial pool of 69 potential

predictors from the Hunova robotic device. Variables were

excluded to reduce collinearity and create a parsimonious model

that could capture the essential information from all exercises.

Pearson’s correlation was used to select one outcome from each

task to reduce co-linearity. R statistical software was used for all

data analyses.

Using this guideline, the following variables were chosen:
(a) COP PL: COP path length is a widely used biomechanical

metric to quantify the magnitude of the two-dimensional

(AP and ML) displacement of the COP based on the

distance traveled. A larger value of COP path length

represents lesser postural stability (13). The robotic platform

measures vertical ground reaction force in both AP and ML

directions. The COP PL is the distance that the COP travels

within a task, defined in Equation 1, where n is the total

COP data points recorded (n is held constant for all

participants). This measure was included for the static

balance task.

(b) Resultant range of oscillation for static, and dynamic balance

tasks: The accelerometer on the trunk is used to record the

range of trunk oscillation in the antero-posterior and

medio-lateral directions. We define the resultant range of

oscillation as the Euclidean norm of the two range values,

expressed in Equation 2.

(c) Oscillation time for reactive balance task: The robotic device

records the average time taken by the participant to stabilize

their trunk after each perturbation, separated by

perturbation direction (forward, left, right). We took the

average of these separate measures, as expressed in Equation 3.

(d) Limits of stability area: It denotes the area of the maximum

COP movement in the forward/backward/right/left direction.
Frontiers in Rehabilitation Sciences 04
(e) Duration of the sit-to-stand task: The total time taken to

perform five sit-to-stand tasks was recorded.

COP Path Length

¼
Xn�1

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(COPML(iþ 1)� COPML(i))

2 þ (COPAP(iþ 1)� COPAP(i))
2

q

(1)

Where i denotes the index of a particular COP sample, and n

indicates the total number of samples in either COP timeseries.

Resultant Range

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(Trunk Range of Oscillation AP)2

q
þ (Trunk Range of Oscillation ML)2

(2)

Reactive Oscillation Time Mean

¼ ðReactive OT Leftþ Reactive OT Frontþ Reactive OT RightÞ
3

(3)
2.3.2 Comparison between TBI participants and
healthy controls

The functional and biomechanical variables selected were

compared between TBI participants and HCs at visit 1 to show

the differences between the two groups. The Shapiro–Wilk test

indicated that the functional (TUG) and biomechanical variables

were not normally distributed (p < 0.05). The Mann–Whitney U

test was used to determine the difference between TBI

participants and HCs for TUG, gait speed, and biomechanical

variables. In addition, Cohen’s d was computed for all variables.
2.3.3 Regression model
TUG was fit to a linear regression model using the selected

visit 1 biomechanical outcomes as independent variables. The

developed model was validated using visit 2 TUG

measurements. The regression model error with respect to

distance was computed and used to conservatively remove gait

components from TUG. Specifically, from the TUG value of

each participant, we subtracted the time it would take for them

to walk 1 m from their independently measured gait speed and

fit this value (i.e., TUG—1 m/gait speed) to the same

biomechanical variables as the raw TUG model. The TUG test

captures the full range of a participant’s functional mobility and

is not solely focused on balance. So, to understand the effect

of gait on TUG, we included gait speed in the model

(TUG ∼+GS). However, this model did not provide balance

exclusive components. Since the purpose of this manuscript was

to understand the balance components measured by TUG, we

performed a regression with exclusively balance-focused

independent variables that conservatively removed the TUG

time associated with gait (TUG-1/GS).

Regression coefficients and their corresponding standard errors

are reported, in addition to their level of statistical significance (as

indicated in the table footnote). The regression model that best

represents TUG was selected.
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TABLE 2 Mean and standard deviation for functional and biomechanical
outcomes at visit 1.

FIGURE 2

Correlation matrix between selected variables.
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2.4 Sub-population analysis

The Breusch–Pagan test for non-constant variance was used to

assess the heteroscedasticity in the regression. Based on the

Breusch–Pagan test for non-constant variance, the TBI

participants were split into two subgroups. A TUG of 10 s is

typically used as a reference point to the upper limit for healthy

adults and is associated with increases in fall risk (22, 28, 29).

Using a cutoff TUG threshold of 10 s, participants were split into

a TUG <10 s group (9 participants) and a TUG ≥10 s group (10

participants). Both TUG and TUG-1/GS models were fit to each

subgroup. The TBI population with TUG <10 s was then

compared to the HCs using the same models using Cohen’s d.

All the above models were fit to visit 1 datasets and

exclusively trained on visit 1 data. Subsequently, the model’s

performance was evaluated using visit 2 datasets. This

evaluation assessed the robustness of the visit 1-fitted model

when applied to previously unobserved data in visit 2 and

gauged its generalization performance. The coefficient of

determination (R2) and root-mean-square error (RMSE) were

used for model evaluation on both visit 1 and visit 2 datasets.

We defined the visit 2 RMSE as the error between the

participants on their visit 2 measures and the predictions by

the visit 1-fitted model.

TBI HC Effect size/

p-values

Functional outcomes
TUG*** 11.86 ± 4.35 7.00 ± 1.45 0.70/0.0001

GS*** 1.02 ± 0.40 1.80 ± 0.42 0.70/0.0001

Spearman’s Rho TUG vs. GS −0.79 −0.68

Biomechanical outcomes
Static_ECCOP PL 119.17 ± 96.27 65.44 ± 20.18 0.34/0.059

Static_EORR 3.71 ± 1.83 3.31 ± 2.03 0.18/0.325

DynamicRR 12.48 ± 8.50 7.70 ± 4.76 0.35/0.053

ReactiveOT** 1.63 ± 1.04 0.68 ± 0.22 0.55/0.002

LOSSA 94.38 ± 20.92 101.08 ± 18.75 0.21/0.248

STSDT* 21.04 ± 6.74 14.75 ± 3.32 0.45/0.011

*p < 0.05.

**p < 0.01.

***p < 0.001.
3 Results

3.1 Biomechanical variables

Several biomechanical outcomes were collinear, particularly

when they were within the same task; hence, one variable was

chosen from each task where the co-linearity was the least

between the variables across tasks. This resulted in a mean-

variance inflation factor of 2.07 (1.27–3.44) among the selected

variables (Figure 2). Based on collinearity, the following variables

were selected for all models:

(1) Static balance, eyes closed condition—COP path length

(Static_ECCOP PL).

(2) Static balance, EO condition—resultant range trunk

oscillations (Static_EORR)

(3) Dynamic balance—resultant range trunk oscillations

(DynamicRR)

(4) Reactive balance—mean oscillation time (ReactiveOT)

(5) Limits of stability—stability area (LOSSA)

(6) Sit to stand—duration of the sit-to-stand task (STSDT)

3.2 Comparison between TBI participants
and HCs

Table 2 summarizes the functional measures and balance

variables obtained from TBI participants and HCs for visit

1. TBI participants exhibited a significantly longer TUG time

(time to complete in seconds) and lower gait speed (m/s) than

HC. In addition, both HC and TBI populations shared a
Frontiers in Rehabilitation Sciences 05
significant negative correlation between their TUG and gait speed

measurements. For visit 2, the average TUG score of the 15

participants was 11.10 ± 3.49 s.

The biomechanical outcomes (reactive oscillation time and

duration of the sit-to-stand task) also showed a significant

difference between HC and TBI participants (Table 2). The TBI

participants took about 1 s longer to stabilize their trunk after a

platform perturbation than HCs, as observed by the mean

reactive oscillation time. TBI participants also took an average of

5 s longer to complete the five times sit-to-stand exercise than

the HCs. Although not significant, the mean COP PL during the

quiet standing with EC task and the trunk oscillation range

during the dynamic balance task were almost twice in TBI

participants compared to HCs, and the stability area in the limits

of stability task was also greater in HCs than participants with TBI.
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3.3 Regression model

The TUG model is shown as follows:

TUG ¼ Static ECCOP PL þ Static EORR þ DynamicRR

þ ReactiveOT þ LOSSA þ STSDT þ intercept (4)

The performance and parameter estimate of each regression model

applied to the TBI and HC populations is presented in Table 3. The

gait speed component was subtracted conservatively from TUG to
TABLE 3 Regression coefficients and standard errors for the TUG, TUG ∼
+GS, and TUG-1/GS models.

TBI HC

TUG TUG-1/
GS

TUG ∼
+ GS

TUG TUG-1/
GS

R2 0.695 0.685 0.789 0.860 0.883

Visit 1/visit 2
RMSE

2.342/
2.306

2.070/
2.096

1.948/1.985 0.518/— 0.431/—

(Intercept) 4.17
(4.58)

4.78
(4.05)

14.27
(6.05)*

10.36
(2.90)*

9.35
(2.41)*

Static_ECCOP PL 0.00
(0.01)

0.00
(0.01)

0.00 (0.01) −0.03
(0.02)

−0.03
(0.02)

Static_EORR −0.14
(0.52)

−0.14
(0.46)

−0.15
(0.45)

−0.09
(0.14)

−0.06
(0.11)

DynamicRR −0.25
(0.12)

−0.20
(0.10)

−0.16
(0.10)

−0.09
(0.10)

−0.07
(0.08)

ReactiveOT 3.23
(0.99)**

2.75
(0.88)**

1.95 (1.04) 6.08 (2.56) 5.57
(2.13)*

LOSSA 0.00
(0.04)

−0.01
(0.03)

−0.00
(0.03)

−0.06
(0.02)*

−0.05
(0.01)*

STSDT 0.25
(0.13)

0.22
(0.11)

0.10 (0.13) 0.12 (0.08) 0.10 (0.07)

GS — — −5.36
(2.42)*

— —

The bold values are statistically significant non-intercept effects.

*p < 0.05.

**p < 0.01.

FIGURE 3

Distance in gait speed vs. model’s RMSE.
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remove gait components. Figure 3 shows the model error with respect

to the distance in gait speed parameter. The results showed that at

∼2 m model error was minimum. So, to conservatively remove the

gait from TUG, we removed time to walk 1 m. We hypothesize that

TUG scores will be related to dynamic and reactive balance variables.

RMSE (Figure 4) shows the TBI models [TUG (Equation 4)

and TUG-1/GS (Equation 6)]; Figure 4 explains over 68% of the

variability in their respective outcomes and shows a consistent

RMSE between visit 1 and visit 2 datasets. The TUG-1/GS TBI

model achieved the best RMSE at nearly ±2 s during both visit 1

and follow-up (Table 3). HC models explained over 86% of the

TUG variability and captured TUG to ±0.5 s (Table 3).

Regression analysis revealed a significant positive association

between TUG performance and mean reactive oscillation time in

TBI models (TUG and TUG-1/GS) and the HC model (TUG-1/

GS). The TUG ∼ + GS (Equation 5) model was also assessed in

this case where only gait speed showed a significant effect.

The TUG ∼ + GS model is given as follows:

TUG ¼ Static ECCOP PL þ Static EORR þ DynamicRR

þ ReactiveOT þ LOSSA þ STSDT þ GSþ intercept (5)

The TUG-1/GS model is given as follows:

TUG-1=GS ¼ Static ECCOP PL þ Static EORR þ DynamicRR

þ ReactiveOT þ LOSSA þ STSDT þ intercept (6)
3.3.1 Sub-population analysis
Heteroskedasticity was assessed for TUG and TUG-1/GS

models because these two models showed the best results.

There was an increase in the spread of TUG predictions as the

actual TUG measurements increased (Figure 5). Although a

test for non-constant error was not significant (p = 0.103),

the phenomenon can be visually observed in both visit 1 and

visit 2 (Figure 5) datasets. In the TUG-1/GS model, this
frontiersin.org
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FIGURE 4

(A) Predicted TUG-1/GS vs. actual TUG-1/GS at visit 2. (B) Predicted TUG vs. actual TUG at visit 2. The RMSE was better in the TUG-1/GS model
compared to TUG.

FIGURE 5

Heteroskedasticity shown using residuals.

TABLE 4 Mean and standard deviation for functional and biomechanical
outcomes at visit 1 and visit 2.

Visit 1 Visit 2

TUG
≥10

(n = 10)

TUG
<10
(n = 9)

Effect size:
TBI <10 vs.

HC)

TUG
≥10
(n = 8)

TUG
<10
(n = 7)

Functional outcomes
TUG 14.88 ±

3.97
8.51 ±
0.95

13.79 ±
2.32

8.01 ±
1.18

GS 0.80 ±
0.32

1.27 ±
0.33

0.91 ±
0.28

1.42 ±
0.09

Biomechanical outcomes
Static_ECCOP PL 171.53 ±

107.72
61.00 ±
23.84

0.16 175.12 ±
165.74

69.33 ±
41.69

Static_EORR 4.43 ±
1.75

2.91 ±
1.66

0.02 6.40 ±
2.09

2.49 ±
0.8

DynamicRR 15.03 ±
10.33

9.65 ±
5.04

0.19 13.26 ±
9.69

8.13 ±
4.33

ReactiveOT 2.23 ±
1.07

0.96 ±
0.45

0.29 1.80 ±
1.36

0.68 ±
0.20

LOSSA 90.70 ±
23.78

98.47 ±
17.67

0.16 88.50 ±
10.15

96.49 ±
19.48

STSDT 23.42 ±
7.44

18.40 ±
4.98

0.34 25.10 ±
7.63

14.19 ±
1.53
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heteroskedasticity is only marginally reduced (p = 0.123). This

same phenomenon was not observed in the healthy dataset. To

reduce this heteroskedasticity, the data were split into two sub-

populations (TUG <10 s and TUG ≥10 s) based on TUG.

Table 4 shows the functional measure statistics after splitting

TBI into groups based on a threshold TUG of 10 s. A large

significant change in TUG variability was observed between splits

(F-statistic 17.525, p < 0.001), whereas this change was not

observed with gait speed (F-statistic 0.94472, p > 0.1).

The sub-population regression models are presented in Table 5.

R2 was greater than 0.83 for all sub-population models. The TUG

<10 s models achieved smaller visit 1 and visit 2 RMSEs than TUG

≥10 s models. However, the visit 2 RMSE was exceptionally poor in

the TUG ≥10 s models, with an average follow-up RMSE of ±4 s.

In the TUG ≥10 s population models, the effects of reactive

balance oscillation time mean and dynamic balance resultant

range were statistically significant (both models, p < 0.05).
Frontiers in Rehabilitation Sciences 07
However, for the TUG <10 s models, the effect of reactive

balance was diminished. As depicted in Figure 6, the individual

contributing components to the reactive balance oscillation time

mean reveal similar tendencies within both the HC and TBI

populations with TUG scores <10 s. Notably, the effect size

(Cohen’s d) between the TBI group with TUG scores <10 s and

the HC group was 0.29, indicating a moderate difference. These

results suggest that variations in dynamic and reactive balance

are associated with variations in TUG when TUG is ≥10 s, while
reactive balance is associated with variations in TUG when TUG

is <10 s. This suggests that TUG could inform clinicians about
frontiersin.org
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TABLE 5 Regression coefficients and standard errors for the TUG and
TUG-1/GS models for the TBI sub-population.

TUG TUG-1/GS

TUG <10 TUG ≥10 TUG <10 TUG ≥10
R2 0.836/0.342 0.904/0.712 0.866/0.463 0.878/0.633

Visit 1/visit 2 RMSE 0.363/1.456 1.167/4.398 0.310/1.512 1.099/3.565

(Intercept) 2.58 (3.59) 0.12 (4.68) 1.10 (3.07) 2.40 (4.40)

Static_ECCOP PL −0.01 (0.02) 0.00 (0.01) −0.01 (0.01) 0.00 (0.01)

Static_EORR 0.29 (0.20) −0.73 (0.65) 0.28 (0.17) −0.70 (0.61)

DynamicRR 0.08 (0.07) −0.49 (0.12)* 0.10 (0.06) −0.39 (0.12)*

ReactiveOT 1.25 (1.04) 4.15 (0.97)* 1.42 (0.89) 3.37 (0.91)*

LOSSA 0.01 (0.02) 0.08 (0.04) 0.02 (0.02) 0.06 (0.04)

STSDT 0.15 (0.06) 0.34 (0.13) 0.13 (0.05) 0.28 (0.12)

*p < 0.05.
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dynamic and reactive balance components and thus could guide

therapy progression.
4 Discussion

TBI is one of the leading causes of balance deficits in adults and

leads to reduced activities of daily living and increased fall risk

(1, 2). The TUG test is one of the most widely used clinical

measures to assess the gait, balance, and fall risk in individuals

with TBI (7–10). Although TUG has been used extensively,

limited research has been published that investigates the

relationship between TUG performance and quantitative

biomechanical measures of balance. This study presents the key

findings to understand the relationship between biomechanical

variables of balance and TUG performance, for both healthy

individuals and participants with TBI. Using a linear model, we

demonstrated this relationship and extended our analysis to

include the visit 2 dataset to explore the model’s generalization
FIGURE 6

Oscillation time across all perturbation types. A participant is represented b
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ability. Furthermore, within the dataset with TBI participants, we

conducted a deeper exploration by dividing it into subgroups

based on lower and higher TUG scores to provide preliminary

evidence of variable changes after such a split. This investigation

revealed that reactive balance and dynamic balance emerged as

prominent features that delineate the relationship between

balance parameters and TUG scores within this subgroup. These

findings offer valuable insights into the nuanced nature of this

relationship and its potential implications for assessment and

intervention strategies in individuals with TBI.

Biomechanical variables provide quantitative insights into the

underlying impairment in balance mechanisms and their

recovery. Understanding the changes in these mechanisms will

help us understand the reasons for the observed functional

changes and recovery. Thus, understanding the relationship

between TUG performance and biomechanical metrics will help

comprehend the reason for the functional deficit, which will

assist in the development of personalized interventions for

individuals with TBI based on their deficits and may ultimately

improve TBI rehabilitation.

Nineteen participants diagnosed with TBI and 12 HCs

participated in this study. TBI participants showed significantly

reduced gait and balance function (as measured by the TUG

score and gait speed) and decreased biomechanical outcomes

(oscillation time during reactive balance tasks and time duration

to perform the sit-to-stand task) compared to HCs, as shown in

Table 2. COP path length during quiet standing with eyes closed

and the resultant range during the dynamic balance test also

showed differences between TBI participants and HCs, as

observed by their high effect sizes. A regression model was

constructed using these six biomechanical variables, and it was

able to predict TUG and TUG-1/GS scores at about ±2 s for

both visit 1 and visit 2 datasets. The model with conservatively

removed gait speed (i.e., TUG-1/GS) gave the best results,
y a single line.
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maintaining a consistent RMSE at ∼ ± 2 s at both visit 1 and visit 2

and explaining over 68% of the variability. Since the TUG measure

captures the full range of a participant’s functional mobility and is

not solely focused on balance (30), we wanted to remove the effects

of gait conservatively. Gait speed, as a measure of functional

ambulation, is also associated with dynamic balance and is

strongly correlated to TUG. Thus, removing the contribution of

gait, which overlaps with TUG, is difficult. This effect is clear

when we include gait speed as a variable in the regression model

(TUG ∼+GS), which removed the significance of trunk stability

during the reactive balance task. Hence, to isolate the balance

component, 1 m/gait speed was subtracted from the time.

Subtracting the 1 m/gait speed (i.e., time to walk 1 m) from the

overall TUG time has the advantage of minimizing error in the

observed data since it effectively reduces the spread of TUG

values. When the distance (i.e., numerator) was increased, the

error was minimized, with the effect reaching a plateau, as

shown in Figure 3. We conservatively chose a value of 1 m/gait

speed to subtract from TUG [as opposed to the value that

minimizes error (from Figure 3), as it is not guaranteed that

increasing the numerator will yield better predictive results] to

not remove any balance components from unobserved datasets.

The regression model showed that oscillation time during the

reactive balance task had a significant association with TUG.

Similar effects were also observed in the HC TUG-1/GS model.

Oscillation time was significantly longer in TBI participants than

in HCs (Table 3). Research has shown that TBI can impair

sensory (visual, vestibular, and proprioceptive) pathways or their

integration that permits body position awareness and efficient

reaction to internal (i.e., hand swing) and external (i.e.,

environmental) perturbations (6). These sensory deficits

combined with attention deficits in TBI can result in decreased

postural responses to perturbation, resulting in large trunk

oscillations with prolonged time to converge to stability,

ultimately leading to decreased balance and increased fall risk.

These results confirm that the TUG test is an excellent predictor

of fall risk, as observed in previous research (31, 32).

The TUG-1/GS model presented in this study could explain

over 69% of the response variability for TBI participants and

88% for HC. The minimum clinical important difference

(MCID) for TBI was 1.6 s in TUG (33); therefore, TUG models

with an RMSE value of ∼2 s were considered relatively imprecise.

However, the sub-population models TUG <10 s and TUG ≥10 s
explained 86% and 88% of the response variability, respectively,

and increased precision to <1.2 s RMSE.

In the sub-population analysis, the TUG >10 s cohort showed

a significant relationship between the TUG score and oscillation

time during the reactive balance task and the resultant range

during the dynamic balance task. Compared to HCs, the TBI

participants also showed a large resultant range during the

dynamic balance task and a longer oscillation time during the

reactive balance task. Dynamic balance was used to quantify the

participants’ ability to maintain an upright posture without any

information from the proprioceptive system (i.e., information

from participants’ ankles and feet). The participants relied on

information from visual and the vestibular system to overcome
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the lack of reliable sensory or proprioceptive information from

their ankles and feet. This suggests that TBI participants have

increased reliance on sensory systems for balance. The results

suggest that at higher TUG scores, the effect of this sensory

reliance on functional balance is more evident. The TUG <10 s

cohort did not exhibit a significant relationship between the

TUG score and reactive balance, unlike the observed trend in

the model with the entire TBI cohort or the healthy cohort,

despite having a high regression coefficient. This could be due

to TUG not being sensitive at lower values or the smaller

sample size of the cohort. Although the TUG-1/GS and TUG

models showed better results in the sub-population at visit 1,

their performance deteriorated at visit 2, which could be due to

the low sample size at follow-up.

Although the static balance during closed eyes condition

exhibited a high Cohen’s d (Table 2) for TBI participants

compared to HCs, it did not show any association with TUG.

This could be due to the sensitivity of TUG (Table 3) to visual

feedback or other metrics removing the significance of this metric.

The current results show that TUG is highly associated with

reactive balance and is a good predictor of postural stability after

perturbations. At higher TUG values, TUG may also differentiate

the effects of sensory deficits on balance. Although the current

model provides valuable insight into TUG, the model is limited

by the slightly high observed RMSE, which could be due to the

small sample size with high variability. For the purpose of this

paper, we also did not employ any feature selection strategy to

optimize our model, opting instead for the manual selection of

variables. These are avenues to explore in future work.
4.1 Limitations of the study

The study is limited by the smaller sample size and the smaller

number of participants in each subgroup analysis. Although we

validated our results using another timepoint visit 2, future

studies need to further evaluate this model using a larger sample

size. In addition, the sample needs to be expanded to all age

groups, and analysis should be performed with age as a covariate

to understand the effects of age on the parameters.
4.2 Clinical implications of study

Balance deficits could be due to the deterioration of various

components of the neuromuscular system, such as sensory

integration and the generation of appropriate muscular

responses. These deteriorations could be quantitatively evaluated

using biomechanical metrics. Clinical assessments like as the

TUG test provide a reliable and cost-effective measure to

evaluate balance deficits. Understanding the relationship between

functional and biomechanical metrics could help understand the

underlying mechanism responsible for functional deficits. This

could help provide personalized, targeted interventions based on

individuals’ residual motor and balance deficits.
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