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Abstract: The rehabilitation of cognitive deficits in individuals with traumatic brain injury is essential
for promoting patients’ recovery and autonomy. Virtual reality (VR) training is a powerful tool
for reaching this target, although the effectiveness of this intervention could be interfered with by
several factors. In this study, we evaluated if demographical and clinical variables could be related to
the recovery of cognitive function in TBI patients after a well-validated VR training. One hundred
patients with TBI were enrolled in this study and equally randomized into the Traditional Cognitive
Rehabilitation Group (TCRG: n = 50) or Virtual Reality Training Group (VRTG: n = 50). The VRTG
underwent a VRT with BTs-N, whereas the TCRG received standard cognitive treatment. All the
patients were evaluated by a complete neuropsychological battery before (T0) and after the end of
the training (T1). We found that the VR-related improvement in mood, as well as cognitive flexibility,
and selective attention were influenced by gender. Indeed, females who underwent VR training
were those showing better cognitive recovery. This study highlights the importance of evaluating
gender effects in planning cognitive rehabilitation programs. The inclusion of different repetitions
and modalities of VR training should be considered for TBI male patients.

Keywords: traumatic brain injury; virtual reality; neurorehabilitation; cognitive recovery; gender

1. Introduction

Virtual rehabilitation (VR) [1], as an emerging technology, is an opportunity in health
care and a new tool for this specific purpose [2], being able to carry out the evaluation and
treatment of cognitive and behavioral disorders while simulating a real environment. In
these last decades, many attempts have been made to evaluate and train attention, memory,
executive function, and spatial perception through VR programs in patients with stroke [3].
The specific VR characteristics (flexibility, sense of presence, and emotional engagement)
has allowed researchers to obtain good results in motor and cognitive rehabilitation, as
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well as in patients with TBI, although the data concerning the effects on cognitive function
and quality of life are more limited than the motor ones [3,4].

Generally, several studies have reported the successful intervention of VR application
after TBI without adverse effects [5,6] and with clinical improvement in memory [7–10],
executive function [11–13], and attention [7,14]. However, although VR could be a useful
instrument both in the assessment and in the rehabilitation treatment of TBI, some con-
siderations must be reported. Wright et al. [15] suggest implementing the VR assessment
protocols for mild TBI because of the subtle deficits that are hard to detect with traditional
instruments, while the VR treatment protocols seem to be equally effective for mild to
severe TBI [16]. Two principal limitations restrict the use of VR in clinical practice: ac-
cessibility and cost [8]. However, since the long-term deficits in TBI concern cognition
and behavior [17], it is necessary to highlight that VR may contribute to reducing these
kinds of deficits in these individuals, as demonstrated by VR interventions on memory,
attention, executive function, behavioral control, and regulation of mood [2]. Indeed, VR,
thanks to its multisensory approach, can stimulate and enhance the spontaneous post-TBI
regeneration processes, which otherwise may be too weak to counter the deterioration
of the TBI-damaged brain areas, including the frontal lobes. The exercises performed
in a virtual environment help the patient to develop the knowledge of the results of the
movements (knowledge of the results) and the knowledge of the quality of the movements
(knowledge of the performances), which positively affect a patient’s functional recovery,
including the cognitive one. Thus, VR could allow for greater results than conventional
training, through global stimulation and dual cognitive and motor tasking, which allow for
greater patient involvement [4].

Another interesting aspect, although neglected, is the evaluation of possible demo-
graphic factors that could mediate patterns of recovery due to VR intervention. For instance,
gender has been proposed as one of the main factors influencing the cognitive changes
after rehabilitation treatment in patients with brain injury. Most of the evidence has been
reported in stroke patients, although with conflicting results [18–20]. In TBI patients, a
gender-related effect on cognitive outcomes following advanced neurorehabilitation re-
mains to be demonstrated. Indeed, a recent systematic review has shown that genetic
disposition, baseline cognitive status, severity and frequency of injury, age, and sex were
predictors of cognitive performance across time [21]. Moreover, it has been suggested that
females may have better perceived cognitive functional outcomes than males one year after
severe TBI, probably due to different hormone levels [22].

In a previous study, we have demonstrated that patients with TBI receiving both
conventional and VR training achieved significant improvements in different cognitive
and mood domains, although VR led to better results. Moreover, only TBI patients in the
VR group improved in specific cognitive domains, such as cognitive flexibility, attentional
shifting, visual search, and executive and visuospatial functions, which are necessary for
planning and managing daily life.

The aim of this study was to assess the factors associated with better functional
recovery in patients with TBI receiving either conventional or VR cognitive rehabilitation.
In particular, we sought to investigate whether and to what extent a gender effect in
determining cognitive outcomes in such patients may exist.

2. Materials and Methods
2.1. Study Population

This study was a secondary analysis of data from a prospective randomized controlled
trial [23] that examined the effects of VR treatment on cognitive outcomes in 100 patients
with TBI. Details of the main study are provided elsewhere [23], but, in brief, one hundred
patients with a TBI, who attended the Behavioral Neurorehabilitation and Robotics Unit of
The IRCCS Centro Neurolesi “Bonino Pulejo” (Messina, Italy) from January 2016 to Decem-
ber 2018, were enrolled in the study and randomized into the Traditional Rehabilitation
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Control Group (TRCG: n = 50) or in the Virtual Reality Training Group (VRTG: n = 50)
(Table 1; for more information, see ref [23]).

Table 1. Demographics characteristics at baseline for both groups. Quantitative variables were
expressed as means ± standard deviations, and categorical variables as frequencies and percentages.

Experimental Control All

Participants 50 50 100
Age 38.7 ± 9.3 41.1 ± 10.8 39.9 ± 10.1

Education 2.9 ± 0.8 2.7 ± 0.8 2.8 ± 0.850
Gender

Male 29 (57.9%) 26 (52%) 56 (56%)
Female 21 (42.1%) 24 (48%) 44 (44%)

Interval from TBI
Mean in months 5 ± 1 5 ± 1 5 ± 1

Brain lesion site/side
Cortical right 22 24 46

Subcortical right 16 17 33
Cortical left 8 6 14

Subcortical left 4 3 7

Inclusion criteria were (i) neurologic diagnosis of mild to moderate TBI in the post-
acute phase (i.e., 3 to 6 months after the acute event) and (ii) presence of mild to moderate
cognitive impairment (as per the Montreal Cognitive Assessment (MoCA) score: 18 to
25). The exclusion criteria were (i) age > 85 years; (ii) presence of disabling sensory
abnormalities, including visual and hearing loss; (iii) uncontrolled epilepsy, with seizures
having positive symptoms, such as audiovisual hallucinations; and (iii) medical (i.e., heart
and pulmonary failure) and psychiatric disorders (severe depression and anxiety, and/or
psychosis) potentially interfering with the VR training.

The present study was conducted in accordance with the 1964 Helsinki Declaration
and approved by our Research Institute Ethics Committee (ID 25/2015); written informed
consent was obtained from all participants.

2.2. Study Design and Treatment

The experimental procedure of this study has previously been reported [23]. In
brief, using a double-blind randomized controlled design, TBI patients underwent the same
amount of cognitive rehabilitation treatment (24, 1-h sessions, 3 times per week for 8 weeks),
but using different tools. Individuals in the TRCG group underwent traditional cognitive
rehabilitation, administered in individual sessions using a face-to-face interaction between
therapist and patient with paper and pencil activities, whereas VRTG performed a VRT
using the BTs-Nirvana (BTs-N) system (https://www.btsbioengineering.com/nirvana/,
accessed on 1 June 2016). The BTs-N program was based on interactive sessions through
virtual scenarios in which the patient could carry out training with the help of a therapist.
The patient interacted with 5 virtual scenarios for each session, which provided audiovisual
stimuli through the patient’s movement, creating total sensory involvement (Figure 1). The
schemes allowed users to select some virtual elements that remained visible for a variable
time, and to be able to move or view them in the correct position.

Both treatments targeted activities that increased attention, visual-spatial, and execu-
tive skills. In particular, the TRCG group underwent exercises in a specific physical space
(rehabilitation table) for stimulating simple associations (i.e., letter-color), inhibitory control,
divided attention (targeting stimuli in relation to specific visual and semantic characteristics
neglecting the distractors), arithmetic operations estimating the numerical quantity and
the categorization, and deductive logical reasoning. Otherwise, the patients enrolled in
the VRTG group performed the same cognitive task in a virtual environment through the
movement performed on the interactive screen (Figure 1). The movements allow the user
to manipulate specific objects in different directions (i.e., balls, flowers, and butterflies),

https://www.btsbioengineering.com/nirvana/
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create specific associations (i.e., color-number), or explore some elements (colors, musical
arcs, geometric shapes, animals, etc.) with a dynamic interaction in the virtual environment.
The difficulty level increases with the increment of the complexity of the task, elements on
the screen (or table), and greater difficulty of the requests by the therapist.
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Figure 1. A patient undergoing VR training. The patient must recognize the seasons and operate
with images, which emit sounds like the season in which he touches them (jingle bells for the winter).
It is also asked to list the activities to be carried out in the various seasons and any recipes to be
prepared with seasonal fruit (training for fluency and executive skills).

Moreover, both groups also underwent the same conventional physiotherapy program
carried out by expert therapists consisting of occupational therapy exercises together
with passive/active mobilization of upper and lower limbs, trunk control, standing, and
ambulation. Physiotherapists and psychologists, as well as data entry assistants, were
blinded to all phases of the study.

2.3. Outcome Measures

Each participant was assessed by means of a neuropsychological evaluation before
(T0) and immediately after the end of the training (T1). The neuropsychological battery
included: (a) Montreal Cognitive Assessment (MoCA) to assess the general cognitive state;
(b) Hamilton Rating Scale Depression (HRS-D) and Hamilton Rating Scale Anxiety (HRS-A)
to assess mood and anxiety, respectively; (c) Frontal Assessment Battery (FAB) and Weigl’s
Test to evaluate frontal abilities; and (d) Visual Search (VS) and Trial Making Test (TMT) to
measure the attention process, attentive shifting, and visual research abilities.

2.4. Statistical Analysis

Statistical analyses were performed using the computer software RStudio Version 4.0.3
(RStudio, Boston, MA, USA; https://cran.r-project.org, accessed on 10 October 2020),
considering p < 0.05 as statistically significant.

To assess the influence of group (TCRG vs. VRTG), demographic variables (Gen-
der, Age, Marital Status, number of children, Educational Level, Disease Duration), and
Functional Independence Measure (FIM) and MoCA at admission on the improvement
of the neuropsychological performance, we employed eight different linear regression
models using, as the outcome, the difference of each parameter between time 0 and time

https://cran.r-project.org
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1. Behavioral changes associated with cognitive treatment were calculated as differential
T1 − T0 (delta) scores.

3. Results

All of the patients completed the training program without any adverse events, includ-
ing cyber-sickness. As shown in the previous work (Table 1, [23]), no significant differences
were found for every demographic and clinical variable between the two groups, and
VRTG treatment induced a significant improvement in all the cognitive and emotional
neuropsychological scales.

The linear regression model confirmed that the effect of treatment was the only factor
associated with cognitive improvement in all cognitive domains (TCRG vs. VRTG). How-
ever, recovery of cognitive and emotional functions was also influenced by other factors.
As shown in Table 2, four specific outcome measures demonstrated an additional factor
influencing recovery. Considering anxiety level (HRS-A), a significant Group × Gender in-
teraction effect was detected before and after treatment (F = 5.93; p = 0.017). Figure 2 shows
that TBI females are characterized by a lower reduction of anxiety levels after VRTG, with
respect to males. As for VS and WEIGL scores, an additional significant effect of gender
was also detected, where females showed the highest performance (p = 0.016, r2 = 0.419,
and beta-value = 0.44836; p = 0.022, r2 = 0.528, and beta-value = 0.3819, respectively, for VS
and WEIGL). Finally, the better performance in the TMT-B-A after VR treatment was also
related to the FIM scores at admission (p = 0.013; r2 = 0.273; beta-value = −0.25810).
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Table 2. Summary of regression analyses. Hamilton Rating Scale Anxiety (HRS-A); Trial Making Test (TMT B-A); Visual Research (VS).

HRS-A TMT-BA VS WEIGL
Sum of
Squares

Mean
Square F/p-Value Sum of

Squares
Mean

Square F/p-Value Sum of
Squares

Mean
Square F/p-Value Sum of

Squares
Mean

Square F/p-Value

Gender 16.95 16.9 4.2/0.04 46.1 46.1 0.06/0.79 153.5172 153.5172 6.1/0.01 12.55 12.55 5.41/0.02

Group 163.9 163.9 40.8/<0.001 12,379 12,379 18.1/<0.001 1169.23 1169.23 46.2/<0.001 170.96 170.96 73.747/<0.001

Age 15.61 15.61 3.8/0.052 681.5 681.5 1.1/0.32 0.7484 0.7484 0.02/0.86 1.17 1.17 0.5/0.48

Educational
Level 2.57 0.85 0.2/0.88 165.8 55.3 0.08/0.97 8.5168 2.8389 0.11/0.95 5.89 1.96 0.84/0.47

Marital
Status 25.61 12.81 3.2/0.056 801.2 400.6 0.58/0.55 110.1476 55.0738 2.1/0.12 6.14 3.07 1.3/0.27

N◦Children 5.52 1.84 0.4/0.7 87.7 29.2 0.04/0.98 70.1535 23.3845 0.92/0.43 8.81 2.94 1.2/0.29

Disease
Duration 10.2 10.2 2.5/0.11 40.4 40.4 0.05/0.81 15.2589 15.2589 0.6/0.43 7.69 7.69 3.3/0.07

Moca at T0 1.1 1.09 0.2/0.603 679.1 679.1 0.99/0.32 0.1042 0.1042 0.004/0.95 2.09 2.09 0.91/0.34

FIM at T0 2.49 2.4 0.6/0.433 4361.3 4361.3 6.4/0.01 0.0122 0.0122 0.0004/0.98 1.12 1.12 0.48/0.49

Residuals 341.2 4.01 - 57,823.6 680.3 - 2150.0076 25.2942 - 197.05 2.32 -
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4. Discussion

In our previous analysis [23], we concluded that VRTG has a significant impact on the
cognitive recovery of TBI patients, thanks to the multisensory approach embedded into the
VR system that can stimulate and enhance the spontaneous post-TBI regeneration processes.
The exercises performed in a virtual environment help to develop the knowledge about
the results and the quality of the movements (biofeedback) that positively affect patient’s
functional recovery, including the cognitive one [24].

In this new study, we demonstrated that part of this effect is influenced by gender and
other clinical factors, including anxiety level and FIM scores.

In particular, we found a gender-dependent effect in some important domains: at-
tention, frontal abilities, and anxiety. Generally, there is a lack of understanding about
trauma-induced changes in females and males. Many clinical and pre-clinical trials have
been focused on males [25], although it has been demonstrated that in the elderly pop-
ulation, TBI is more prevalent in females [26]. Evidence from animal studies suggests
that progesterone and estrogen may offer protective effects in secondary brain injury [27].
Wright et al. [28] found that administration of progesterone after severe TBI was associated
with a lower mortality rate at 30 days post injury. Due to varying sex hormone levels,
which exert their effects on cerebral organization and neuroplasticity, gender differences
might also influence patient outcomes [29]. In particular, a recent review has demonstrated
a pivotal role for neuron-derived 17β-estradiol (E2) in the regulation of synaptic plastic-
ity, memory, socio-sexual behavior, and sexual differentiation, as well as injury-induced
reactive gliosis and neuroprotection [30]. Furthermore, growing evidence suggests that
astrocyte-derived E2, which is induced following brain injury, plays a key role in reactive
gliosis, neuroprotection, and cognitive preservation. This could represent the neurobi-
ological basis for the better cognitive outcomes that we found in females as compared
to males.

Several studies found that females were more likely to be diagnosed with depression
and/or anxiety following TBI [31]. In our study, we found a Group*Gender interaction
effect on anxiety scores. This finding is in line with evidence provided by Yue et al. [32],
who proposed that gender may interact with age for post-traumatic stress disorders, with
young TBI females at high risk.

Gender may also be a potential moderator of the effects of exercise on cognitive
function, given that the female sex may positively influence the strength of the relationship
between exercise and cognition [33]. An early systematic review reported that studies
involving a high proportion of healthy older females demonstrated greater improvements in
cognition following exercise training compared with studies involving a high proportion of
healthy older males [33]. In line with this evidence, we found that females performed better
in attention and executive functions. This additional finding was like those reported by
Khattab et al. [34], who found that females with brain injury demonstrated improvements
in selective attention and conflict resolution following aerobic exercises.

Finally, another interesting finding is the impact of FIM scores at admission on the
performance of TMT. FIM is a scale commonly used in the rehabilitation setting to assess
measures of independence for self-care, including sphincter control, transfers, locomotion,
communication, and social cognition. For this reason, it is possible that reduced func-
tional status at admission may impact the TMT performance. However, this additional
relationship should be considered for further studies.

Limitations

The main limitations of the study are the lack of a long-term follow-up and the absence
of a control group without a cognitive treatment, which could be useful to exclude the
variability related to spontaneous recovery independent of the interventions. Finally, our
VR treatment has been considered feasible and accepted by all patients although evidence
by satisfaction questionnaires was not provided.
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5. Conclusions

For the first time ever, we found that there was a gender-dependent effect following
cognitive rehabilitation using VR, with a significant improvement in some important
domains, including attention, frontal abilities, and anxiety. The mechanisms underlying
gender differences in the effects of VR treatment on cognitive and emotional recovery of
TBI patients are an unexplored field of study, although they may partly depend on neuro-
derived female sexual hormones. Thus, gender should be considered before planning
rehabilitation programs for TBI patients. Further larger multicenter studies with short
and long-term follow up periods and assessing sexual hormone levels, as well as other
neuropeptides and growth factors involved in brain plasticity, are needed to determine
whether hormones and other molecules influence the cognitive outcomes of traumatic head
injury and the trajectory of these outcomes [22].

Author Contributions: Conceptualization, M.G.M. and R.S.C.; methodology, R.B. and G.T.; formal
analysis, R.B.; A.N.; resources, P.T.; G.P.; data curation, A.C.; I.C., G.M.; F.A.; writing—original draft
preparation, R.B., M.G.M., A.C. and R.S.C.; writing—review and editing, M.G.M.; I.C.; G.M.; F.A.;
supervision, G.P.; project administration, A.C. and R.S.C.; funding acquisition, P.T. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Research Institute Ethics
Committee (ID 25/2015), IRCCS Centro Neurolesi “Bonino Pulejo”, Messina, Italy.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. The informed consent of the patients was obtained from their familiars or legal representative.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schultheis, M.T.; Rizzo, A.A. The application of virtual reality technology in rehabilitation. Rehabil. Psychol. 2001, 46, 296–311.

[CrossRef]
2. Zanier, E.R.; Zoerle, T.; Di Lernia, D.; Riva, G. Virtual Reality for Traumatic Brain Injury. Front. Neurol. 2018, 9, 345. [CrossRef]
3. Ku, J.; Lee, J.H.; Han, K.; Kim, S.I.; Kang, Y.J.; Park, E.S. Validity and Reliability of Cognitive Assessment Using Virtual

Environment Technology in Patients with Stroke. Am. J. Phys. Med. Rehabil. 2009, 88, 702–710. [CrossRef] [PubMed]
4. Maggio, M.G.; De Luca, R.; Molonia, F.; Porcari, B.; Destro, M.; Casella, C.; Salvati, R.; Bramanti, P.; Calabro, R.S. Cognitive

rehabilitation in patients with traumatic brain injury: A narrative review on the emerging use of virtual reality. J. Clin. Neurosci.
2019, 61, 1–4. [CrossRef] [PubMed]

5. Alashram, A.R.; Annino, G.; Padua, E.; Romagnoli, C.; Mercuri, N.B. Cognitive rehabilitation post traumatic brain injury: A
systematic review for emerging use of virtual reality technology. J. Clin. Neurosci. 2019, 66, 209–219. [CrossRef]

6. Moraes, T.M.; Zaninotto, A.L.; Neville, I.S.; Hayashi, C.Y.; Paiva, W.S. Immersive virtual reality in patients with moderate and
severe traumatic brain injury: A feasibility study. Health Technol. 2021, 11, 1035–1044. [CrossRef]

7. Caglio, M.; Latini-Corazzini, L.; D’Agata, F.; Cauda, F.; Sacco, K.; Monteverdi, S.; Zettin, M.; Duca, S.; Geminiani, G. Video game
play changes spatial and verbal memory: Rehabilitation of a single case with traumatic brain injury. Cogn. Process. 2009, 10,
195–197. [CrossRef]

8. Caglio, M.; Latini-Corazzini, L.; D’Agata, F.; Cauda, F.; Sacco, K.; Monteverdi, S.; Zettin, M.; Duca, S.; Geminiani, G. Virtual
navigation for memory rehabilitation in a traumatic brain injured patient. Neurocase 2012, 18, 123–131. [CrossRef]

9. Gamito, P.; Oliveira, J.; Pacheco, J.; Morais, D.; Saraiva, T.; Lacerda, R.; Baptista, A.; Santos, N.; Soares, F.; Gamito, L.; et al.
Traumatic brain injury memory training: A virtual reality online solution. Int. J. Disabil. Hum. Dev. 2011, 10. [CrossRef]

10. Yip, B.C.B.; Man, D.W.K. Virtual reality (VR)-based community living skills training for people with acquired brain injury: A
pilot study. Brain Inj. 2009, 23, 1017–1026. [CrossRef]

11. Dahdah, M.N.; Bennett, M.; Prajapati, P.; Parsons, T.D.; Sullivan, E.; Driver, S. Application of virtual environments in a multi-
disciplinary day neurorehabilitation program to improve executive functioning using the Stroop task. Neurorehabilitation 2017, 41,
721–734. [CrossRef] [PubMed]

12. Jacoby, M.; Averbuch, S.; Sacher, Y.; Katz, N.; Weiss, P.L.; Kizony, R. Effectiveness of Executive Functions Training within a Virtual
Supermarket for Adults with Traumatic Brain Injury: A Pilot Study. IEEE Trans. Neural Syst. Rehabil. Eng. 2013, 21, 182–190.
[CrossRef] [PubMed]

http://doi.org/10.1037/0090-5550.46.3.296
http://doi.org/10.3389/fneur.2018.00345
http://doi.org/10.1097/PHM.0b013e3181aa427d
http://www.ncbi.nlm.nih.gov/pubmed/19487919
http://doi.org/10.1016/j.jocn.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/30616874
http://doi.org/10.1016/j.jocn.2019.04.026
http://doi.org/10.1007/s12553-021-00582-2
http://doi.org/10.1007/s10339-009-0295-6
http://doi.org/10.1080/13554794.2011.568499
http://doi.org/10.1515/IJDHD.2011.049
http://doi.org/10.3109/02699050903379412
http://doi.org/10.3233/NRE-172183
http://www.ncbi.nlm.nih.gov/pubmed/29254114
http://doi.org/10.1109/TNSRE.2012.2235184
http://www.ncbi.nlm.nih.gov/pubmed/23292820


Brain Sci. 2022, 12, 491 9 of 9

13. Man, D.W.K.; Poon, W.S.; Lam, C. The effectiveness of artificial intelligent 3-D virtual reality vocational problem-solving training
in enhancing employment opportunities for people with traumatic brain injury. Brain Inj. 2013, 27, 1016–1025. [CrossRef]
[PubMed]

14. Dvorkin, A.Y.; Ramaiya, M.; Larson, E.B.; Zollman, F.S.; Hsu, N.; Pacini, S.; Shah, A.; Patton, J.L. A “virtually minimal”
visuo-haptic training of attention in severe traumatic brain injury. J. Neuroeng. Rehabil. 2013, 10, 92. [CrossRef] [PubMed]

15. Wright, W.G.; McDevitt, J.; Tierney, R.; Haran, F.J.; Appiah-Kubi, K.O.; Dumont, A. Assessing subacute mild traumatic brain
injury with a portable virtual reality balance device. Disabil. Rehabil. 2017, 39, 1564–1572. [CrossRef] [PubMed]

16. Pietrzak, E.; Pullman, S.; McGuire, A. Using Virtual Reality and Videogames for Traumatic Brain Injury Rehabilitation: A
Structured Literature Review. Games Health J. 2014, 3, 202–214. [CrossRef]

17. Wilson, L.; Stewart, W.; Dams-O’Connor, K.; Diaz-Arrastia, R.; Horton, L.; Menon, D.K.; Polinder, S. The chronic and evolving
neurological consequences of traumatic brain injury. Lancet Neurol. 2017, 16, 813–825. [CrossRef]

18. Poggesi, A.; Insalata, G.; Papi, G.; Rinnoci, V.; Donnini, I.; Martini, M.; Falsini, C.; Hakiki, B.; Romoli, A.; Barbato, C.; et al. Gender
differences in post-stroke functional outcome at discharge from an intensive rehabilitation hospital. Eur. J. Neurol. 2021, 28,
1601–1608. [CrossRef]

19. Hawe, R.L.; Cluff, T.; Dowlatshahi, D.; Hill, M.D.; Dukelow, S.P. Assessment of Sex Differences in Recovery of Motor and Sensory
Impairments Poststroke. Neurorehabil. Neural Repair 2020, 34, 746–757. [CrossRef]

20. Barha, C.K.; Davis, J.C.; Falck, R.S.; Nagamatsu, L.S.; Liu-Ambrose, T. Sex differences in exercise efficacy to improve cognition:
A systematic review and meta-analysis of randomized controlled trials in older humans. Front. Neuroendocr. 2017, 46, 71–85.
[CrossRef]

21. Mollayeva, T.; Mollayeva, S.; Pacheco, N.; D’Souza, A.; Colantonio, A. The course and prognostic factors of cognitive outcomes
after traumatic brain injury: A systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2019, 99, 198–250. [CrossRef]
[PubMed]

22. Saban, K.L.; Smith, B.M.; Collins, E.G.; Pape, T.L.-B. Sex Differences in Perceived Life Satisfaction and Functional Status One Year
after Severe Traumatic Brain Injury. J. Women’s Health 2011, 20, 179–186. [CrossRef] [PubMed]

23. De Luca, R.; Maggio, M.G.; Maresca, G.; Latella, D.; Cannavò, A.; Sciarrone, F.; Calabrò, R.S.; Lo Voi, E.; Accorinti, M.; Bramanti,
P.; et al. Improving Cognitive Function after Traumatic Brain Injury: A Clinical Trial on the Potential Use of the Semi-Immersive
Virtual Reality. Behav. Neurol. 2019, 2019, 9268179. [CrossRef] [PubMed]

24. De Luca, R.; Russo, M.; Naro, A.; Tomasello, P.; Leonardi, S.; Santamaria, F.; Desireè, L.; Bramanti, A.; Silvestri, G.; Bramanti,
P.; et al. Effects of virtual reality-based training with BTs-Nirvana on functional recovery in stroke patients: Preliminary
considerations. Int. J. Neurosci. 2018, 128, 791–796. [CrossRef]

25. Krukowski, K. Short review: The impact of sex on neuroimmune and cognitive outcomes after traumatic brain injury. Brain Behav.
Immun. Health 2021, 16, 100327. [CrossRef]

26. Ma, C.; Wu, X.; Shen, X.; Yang, Y.; Chen, Z.; Sun, X.; Wang, Z. Sex differences in traumatic brain injury: A multi-dimensional
exploration in genes, hormones, cells, individuals, and society. Chin. Neurosurg. J. 2019, 5, 1–9. [CrossRef]

27. Hurn, P.D.; Littleton-Kearney, M.T.; Kirsch, J.R.; Dharmarajan, A.M.; Traystman, R.J. Postischemic cerebral blood flow recovery in
the female: Effect of 17β-estradiol. J. Cereb. Blood Flow Metab. 1995, 15, 666–672. [CrossRef]

28. Wright, D.W.; Kellermann, A.L.; Hertzberg, V.S.; Clark, P.L.; Frankel, M.; Goldstein, F.C.; Salomone, J.; Dent, L.L.; Harris, O.A.;
Ander, D.S.; et al. ProTECT: A Randomized Clinical Trial of Progesterone for Acute Traumatic Brain Injury. Ann. Emerg. Med.
2007, 49, 391–402.e2. [CrossRef]

29. Paus, T.; Nawaz-Khan, I.; Leonard, G.; Perron, M.; Pike, B.; Pitiot, A.; Richer, L.; Susman, E.; Veillette, S.; Pausova, Z. Sexual
dimorphism in the adolescent brain: Role of testosterone and androgen receptor in global and local volumes of grey and white
matter. Horm. Behav. 2010, 57, 63–75. [CrossRef]

30. Brann, D.W.; Lu, Y.; Wang, J.; Zhang, Q.; Thakkar, R.; Sareddy, G.R.; Pratap, U.P.; Tekmal, R.R.; Vadlamudi, R.K. Brain-derived
estrogen and neural function. Neurosci. Biobehav. Rev. 2021, 132, 793–817. [CrossRef]

31. Iverson, K.M.; Hendricks, A.M.; Kimerling, R.; Krengel, M.; Meterko, M.; Stolzmann, K.L.; Baker, E.; Pogoda, T.; Vasterling, J.J.;
Lew, H.L. Psychiatric Diagnoses and Neurobehavioral Symptom Severity among OEF/OIF VA Patients with Deployment-Related
Traumatic Brain Injury: A Gender Comparison. Women’s Health Issues 2011, 21, S210–S217. [CrossRef] [PubMed]

32. Yue, J.K.; Levin, H.S.; Suen, C.G.; Morrissey, M.R.; Runyon, S.J.; Winkler, E.A.; Puffer, R.C.; Deng, H.; Robinson, C.K.; Rick, J.W.;
et al. Age and sex-mediated differences in six-month outcomes after mild traumatic brain injury in young adults: A TRACK-TBI
study. Neurol. Res. 2019, 41, 609–623. [CrossRef] [PubMed]

33. Colcombe, S.; Kramer, A.F. Fitness effects on the cognitive function of older adults: A meta-analytic study. Psychol. Sci. 2003, 14,
125–130. [CrossRef] [PubMed]

34. Khattab, S.; Eng, J.; Liu-Ambrose, T.; Richardson, J.; MacDermid, J.; Tang, A. Sex differences in the effects of exercise on cognition
post-stroke: Secondary analysis of a randomized controlled trial. J. Rehabil. Med. 2020, 52, 1–8. [CrossRef] [PubMed]

http://doi.org/10.3109/02699052.2013.794969
http://www.ncbi.nlm.nih.gov/pubmed/23662639
http://doi.org/10.1186/1743-0003-10-92
http://www.ncbi.nlm.nih.gov/pubmed/23938101
http://doi.org/10.1080/09638288.2016.1226432
http://www.ncbi.nlm.nih.gov/pubmed/27718642
http://doi.org/10.1089/g4h.2014.0013
http://doi.org/10.1016/S1474-4422(17)30279-X
http://doi.org/10.1111/ene.14769
http://doi.org/10.1177/1545968320935811
http://doi.org/10.1016/j.yfrne.2017.04.002
http://doi.org/10.1016/j.neubiorev.2019.01.011
http://www.ncbi.nlm.nih.gov/pubmed/30641116
http://doi.org/10.1089/jwh.2010.2334
http://www.ncbi.nlm.nih.gov/pubmed/21314444
http://doi.org/10.1155/2019/9268179
http://www.ncbi.nlm.nih.gov/pubmed/31481980
http://doi.org/10.1080/00207454.2017.1403915
http://doi.org/10.1016/j.bbih.2021.100327
http://doi.org/10.1186/s41016-019-0173-8
http://doi.org/10.1038/jcbfm.1995.82
http://doi.org/10.1016/j.annemergmed.2006.07.932
http://doi.org/10.1016/j.yhbeh.2009.08.004
http://doi.org/10.1016/j.neubiorev.2021.11.014
http://doi.org/10.1016/j.whi.2011.04.019
http://www.ncbi.nlm.nih.gov/pubmed/21724143
http://doi.org/10.1080/01616412.2019.1602312
http://www.ncbi.nlm.nih.gov/pubmed/31007155
http://doi.org/10.1111/1467-9280.t01-1-01430
http://www.ncbi.nlm.nih.gov/pubmed/12661673
http://doi.org/10.2340/16501977-2615
http://www.ncbi.nlm.nih.gov/pubmed/31608416

	Introduction 
	Materials and Methods 
	Study Population 
	Study Design and Treatment 
	Outcome Measures 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

