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Abstract

Objective: To systematically review evidence on the effects of timing and intensity of neurorehabilitation on the functional recovery of patients

with moderate to severe traumatic brain injury (TBI) and aggregate the available evidence using meta-analytic methods.

Data Sources: PubMed, Embase, PsycINFO, and Cochrane Database.

Study Selection: Electronic databases were searched for prospective controlled clinical trials assessing the effect of timing or intensity of

multidisciplinary neurorehabilitation programs on functional outcome of patients with moderate or severe TBI. A total of 5961 unique records

were screened for relevance, of which 58 full-text articles were assessed for eligibility by 2 independent authors. Eleven articles were included for

systematic review and meta-analysis.

Data Extraction: Two independent authors performed data extraction and risk of bias analysis using the Cochrane Collaboration tool.

Discrepancies between authors were resolved by consensus.

Data Synthesis: Systematic review of a total of 6 randomized controlled trials, 1 quasi-randomized trial, and 4 controlled trials revealed

consistent evidence for a beneficial effect of early onset neurorehabilitation in the trauma center and intensive neurorehabilitation in the reha-

bilitation facility on functional outcome compared with usual care. Meta-analytic quantification revealed a large-sized positive effect for early

onset rehabilitation programs (dZ1.02; P<.001; 95% confidence interval [CI], 0.56e1.47) and a medium-sized positive effect for intensive

neurorehabilitation programs (dZ.67; P<.001; 95% CI, .38e.97) compared with usual care. These effects were replicated based solely on studies

with a low overall risk of bias.

Conclusions: The available evidence indicates that early onset neurorehabilitation in the trauma center and more intensive neurorehabilitation in

the rehabilitation facility promote functional recovery of patients with moderate to severe TBI compared with usual care. These findings support

the integration of early onset and more intensive neurorehabilitation in the chain of care for patients with TBI.
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An estimated 54 to 60 million individuals sustain traumatic brain
injury (TBI) each year.1 Severe forms of TBI are associated with
acute and persisting detrimental effects on functioning in a wide
range of domains (eg, mobility,2 neurocognitive functioning,3

social capabilities,4 employment,5 quality of life).6 Multidisci-
plinary neurorehabilitation programs have great potential to
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improve functional recovery after TBI through experience-
dependent neural reorganization (ie, neural plasticity) and the
development of compensatory mechanisms.7 Fundamental
research indicates that timing and intensity are crucial parameters
influencing the efficiency of neurorehabilitation after brain injury.7

Early onset programs and more intensive therapy optimize the
neural experience-dependent plasticity response, in turn contrib-
uting to functional recovery.8 The available evidence from
controlled clinical trials suggests that these findings also translate
to human patients with acquired brain injury.9
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Regarding the timing of neurorehabilitation treatment, a sys-
tematic narrative review of neurorehabilitation studies in adults
with acquired brain injury found strong evidence from controlled
trials for a beneficial effect of early onset neurorehabilitation on
hospital stay and functional recovery.10 For example, early
multidisciplinary rehabilitation provided in the trauma center
spectacularly increased gains in functional recovery after acquired
brain injury (ie, observations of self-care, mobility, and cognition)
compared with usual care (170%), while also reducing the length
of hospital stay (e31%).11 Regarding therapy intensity, a
Cochrane review of (quasi) randomized controlled trials (RCTs)
found strong evidence indicating that more intensive treatment
enhances recovery.9 Likewise, a large study (NZ604) comparing
4 postacute outpatient treatments for adults with acquired
brain injury showed that intensive multidisciplinary programs
(ie, 10e15h/wk) promote recovery in terms of functional adapt-
ability (ie, observed physical, cognitive, emotional, behavioral,
and/or social problems), whereas supported living programs are
associated with stabilized outcome.12

Taken together, the current clinical literature indicates that the
timing and intensity of neurorehabilitation programs are important
parameters for the functional recovery of patients with acquired
brain injury. However, the acquired brain injury population has
strong heterogeneity in terms of the neuropathology underlying
functional impairment, and it remains unknown to what extent
timing and intensity of neurorehabilitation contribute to the
functional recovery of patients with TBI. Therefore, this system-
atic review and meta-analysis aims to aggregate the available
empirical evidence on the roles of timing and intensity in multi-
disciplinary neurorehabilitation for patients with moderate to se-
vere TBI. The results of this study are highly relevant to optimize
neurorehabilitation for patients with TBI in clinical practice.
Methods

This study was performed according to Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines for
systematic reviews and meta-analysis.13

Study search and selection

Eligibility criteria
Studies were included in the current systematic review and meta-
analysis if they (1) used a prospective controlled intervention
design; (2) assessed patients with moderate or severe TBI as
assessed using the Glasgow Coma Scale (GCS) (score�12),
duration of unconsciousness (�30min), and/or posttraumatic
amnesia duration (�1 hr)14; (3) investigated the efficiency of a
multidisciplinary neurorehabilitation program (because this is
typically necessary for the neurorehabilitation of patients with
moderate to severe TBI); (4) delivered the intervention in the
acute and/or postacute phase of recovery (eg, inpatient or outpa-
tient program in a trauma center and/or rehabilitation center); (5)
manipulated the timing or intensity of neurorehabilitation; and (6)
List of abbreviations:

GCS Glasgow Coma Scale

GOSE Glasgow Outcome Scale-Extended

RCT randomized controlled trial

TBI traumatic brain injury
reported on functional outcome using validated measures assess-
ing �1 of the following domains: consciousness, sensory function,
motor function, cognition, vocational functioning, independence
in daily life activities, and/or community integration.

Information sources
The search strategy was designed by the VU Medical Center
librarian and involved the following search terms and their
equivalents: Brain injuries AND Rehabilitation AND Treatment
outcome. The search was performed in electronic databases
(PubMed, Embase, PsycINFO, and Cochrane Database) using
both simple search terms and hierarchical family forms
(eg, Medical Subject Headings, Thesaurus, Emtree). See
supplemental appendix S1 (available online only at http://www.
archives-pmr.org/) for the specific search queries per database.
Finally, the reference lists of included articles were screened for
articles meeting the inclusion criteria.
Study selection

A Preferred Reporting Items for Systematic Reviews and Meta-
Analyses flow diagram of the study search and selection is pro-
vided in figure 1. The search retrieved 8495 records relating to
5961 unique studies. One author (M.K.) screened all unique
records that were identified for relevance based on title and
abstract. A total of 58 relevant articles were assessed for eligibility
based on full-text review by 2 independent authors (M.K. and
E.A.B. or L.S.). Consequently, 11 articles were included for the
systematic review and meta-analysis.
Data extraction for systematic review and meta-
analysis

Studies were systematically reviewed regarding main study
design, sample of patients with TBI, sample size, intervention
type, timing and duration of the intervention, outcome measures
and assessments, and the study’s significant findings as reported
by the authors. Data for meta-analysis were extracted from the
articles by one author (M.K.), and this procedure was carefully
checked by a second author (E.A.B. or L.S.). We extracted the
sample size, means, and accompanying SDs of all outcome
measures for each group at all time points. If this information was
not available, we extracted statistics describing the effect of the
intervention on the outcome measure(s) (eg, F or t statistic,
P value, odds ratio, sample size of the experimental and con-
trol groups).
Risk of bias analysis

The Cochrane Collaboration tool for risk of bias15 was used to
assess risk of bias of the individual studies. As suggested in the
handbook,15 we adapted the tool to enable risk of bias assessment
in non-RCTs. Consequently, we assessed risk of bias in terms of
selection bias (ie, study design, group allocation procedure, allo-
cation concealment), performance bias (ie, blinding of patients
and/or clinicians), detection bias (ie, blinding of outcome
assessment, objectivity of outcome measures), attrition bias (ie,
attrition, procedure to handle selective dropout), and analysis bias
(eg, type of analysis used to assess the intervention effect).

Studies were assigned the level of risk in each category (ie, low
risk, high risk of unclear risk of bias). Overall risk of bias was
www.archives-pmr.org
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Fig 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart for study search and selection.
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determined for each study by its total count of high risk of bias
instances across categories. Relative risk of bias (low relative risk
vs high relative risk) was determined by comparing each study’s
overall risk of bias with the mean overall risk of bias of studies
contributing to a certain effect size (below average vs
above average).

Statistical analyses

Effect sizes were calculated using Comprehensive Meta-Analysis
Software (version 3)16,a to describe the effect of timing or
www.archives-pmr.org
intensity of neurorehabilitation on functional outcome expressed
in Cohen d. If a study used multiple relevant outcome measures
and/or assessments in time, these data were combined into one
effect size per study by calculating the average standardized effect
across outcome measures using the built-in option in the software.
Consequently, the resulting study effect size reflects the overall
intervention effect across outcome measures. These effect sizes
were aggregated across studies using the random model to account
for heterogeneity in the TBI population, intervention type, and
outcome measurement. Effect sizes were interpreted as small
(dZ0.2e0.5) medium (dZ0.5e0.8), or large (d�0.8), according
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to Cohen17, whereas heterogeneity was assessed using the
I2 statistic.

To assess the possibility of publication bias, we first assessed
the robustness of meta-analytic effect sizes to publication bias by
calculating the fail-safe n (ie, the number of studies with a null
effect required to cancel out the observed effect size).18 Fail-safe n
values>5kþ10 where considered robust, where k refers to the
number of samples on which the effect size was based.18 Second,
publication bias (ie, the tendency that studies with positive results
are more likely to be published compared with studies with
negative results, consequently inflating the meta-analytic effect
size) was assessed by calculating Funnel plot asymmetry.19

Finally, the possibility that studies with a suboptimal design
may have inflated the meta-analytic effect size was explored by an
attempt to replicate any significant findings using the studies with
a low relative risk of bias.
Results

The systematic search identified 6 RCTs, 1 quasi-randomized trial,
and 4 controlled trials assessing the effects of timing and intensity
of neurorehabilitation on functional recovery of patients with
moderate to severe TBI. An overview of study characteristics is
provided in table 1 and a detailed description of risk of bias is
displayed in table 2.

Systematic review of studies assessing the timing
of neurorehabilitation

A total of 6 studies assessed the effectiveness of early neuro-
rehabilitation programs for patients with moderate to severe TBI,
including 2 controlled trials and 4 RCTs. The studies investigated
an early and aggressive multidisciplinary neurorehabilitation
program, a systematic reality orientation program, and 4 sensory
stimulation programs.

Early and aggressive multidisciplinary neurorehabilitation
Mackay et al20 executed a controlled trial to compare an early
multidisciplinary rehabilitation program in the trauma center
(nZ17) with care as usual (nZ21), consisting of standardized
rehabilitation therapy with onset in the rehabilitation facility.20 A
rehabilitation physician, physical therapist, occupational therapist,
and speech-language pathologist delivered the early and aggres-
sive intervention to patients with severe TBI. The intervention
involved structured multisensory integration, orientation, exercise,
and positioning to decrease posturing, contractures, and sensory
deprivation. Outcome measurements were performed at admission
to and/or discharge from the trauma center, including duration of
coma, length of stay, level of consciousness (ie, Rancho Los
Amigos Scale of Cognitive Functioning), global functional
outcome (using a custom scoring system for physical/motor,
sensory/perceptual, and cognitive/language functioning), and
discharge destination (ie, home vs extended care facility). The
authors found that the early neurorehabilitation program had a
beneficial effect on the rate of recovery after TBI. Compared with
usual care, patients in the early neurorehabilitation program had
shorter length of coma and shorter length of stay in both the
trauma center and the rehabilitation facility. Patients that received
the early rehabilitation program also had better outcome as re-
flected by a higher level of consciousness at time of discharge
from the trauma center and the rehabilitation facility, and lower
impairment scores in the physical/motor, sensory/perceptual, and
cognitive/language domains at time of discharge from the reha-
bilitation facility. Ultimately, 94% of the patients that received
early neurorehabilitation were discharged to home, relative to 57%
of the patients that received usual care. Taken together, these
findings indicate that early multidisciplinary neurorehabilitation in
the trauma center has a positive influence on the rate and extent of
recovery after TBI. Nevertheless, risk of bias analysis revealed
that the study by Mackay had a high relative risk of bias
(see table 2).

Systematic reality orientation program
Langhorn et al21 used a controlled trial to investigate the effi-
ciency of a systematic reality orientation program for patients
with moderate to severe TBI that were admitted to the intensive
care unit for intracranial pathology. The intervention was aimed at
the remediation of posttraumatic amnesia by patient stimulation
using environmental information regarding time, place, and per-
son. The intervention (nZ13) was integrated in the existing
nursing program and compared with care as usual (nZ34).
Outcome was measured in terms of global functional outcome
(Glasgow Outcome Scale-Extended [GOSE]) at 12 months post-
injury. Contrasting with the hypothesis, the results revealed that
patients in the control group had shorter posttraumatic amnesia
duration than patients in the intervention group. Conversely,
patients in the intervention group showed a trend toward a better
GOSE score. Taken together, these findings indicate that the
reality orientation program may have had a negative influence on
posttraumatic amnesia duration, whereas a positive effect on
global functional outcome was observed. Risk of bias analysis
revealed that the study by Langhorn had a high relative risk of
bias (see table 2).

Early multisensory stimulation
Andelic et al22 executed a quasi-RCT to assess the effectiveness of
early onset neurorehabilitation care on the recovery of adult
patients with severe TBI (nZ31) compared with usual care
(nZ30). The intervention consisted of daily multisensory stimu-
lation (75min/d, delivered for a median of 14d) directed at the
organization of sensory input, the stimulation of normative
movement, and the retraining of functions of the face and mouth.
The intervention was initiated during acute hospitalization at the
intensive care unit at a median 12 days postinjury. Patients in the
intervention group also had a streamlined transition into a sub-
acute neurorehabilitation program. Patients were allocated to the
intervention group or control group (ie, care as usual) using the
available bed principle, which could serve approximately 50% of
the target population in the hospital. Outcome was measured at 12
months postinjury in terms of global functional outcome using the
GOSE and Disability Rating Scale, employment status (not
working vs part-/full-time work), and living situation (living at
home without assistance vs living at home with assistance vs
living in a nursing home). The results revealed that patients in the
intervention group had better functional outcome as assessed by
the GOSE score and the Disability Rating Scale score at 12
months postinjury compared with patients in the control group.
These findings indicate that early multisensory stimulation on the
intensive care unit promotes functional recovery of patients with
severe TBI. Risk of bias analysis revealed that the study of
Andelic had a high relative risk of bias (see table 2).
www.archives-pmr.org
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Table 1 Studies assessing the timing or intensity of neurorehabilitation programs

Study Design Sample (n) Intervention Control Timing Duration Outcome Measurements RROB

Timing

Abbasi et al23 RCT Adults, sTBI (50) Early multisensory

stimulation by family

(30min/d)

Care as usual Acute 6d GCS Admission, days 1e6 Low

Andelic et al22 QRCT Adults, sTBI (61) Early multisensory

stimulation

(45min/d)

Care as usual Acute 123.5d GOSE

DRS

12mo postinjury High

Langhorn et al21 CT Adults, msTBI (62) Systematic reality

orientation program

Care as usual Acute (on emergence

from coma)

17.2d GOSE Pre-post, 12mo

postinjury

High

Mackay et al20 CT Adults, sTBI (38) Early multidisciplinary

intervention program

Care as usual Acute (average 2d

postinjury)

158.0d LOC

DTH

RLA

Pre-post High

Megha et al24 RCT Adults, sTBI þ
coma (30)

Multimodal coma

stimulation (100min/d,

5d/wk)

Conventional

physiotherapy

Acute (on hemodynamic

stabilization)

2wk GCS

WNSSP

Pre-post Low

Moattari et al25 RCT Adults, sTBI þ
coma (60)

Sensory stimulation

program (80min/d,

7d/wk)

Care as usual Acute (on hemodynamic

stabilization)

1wk GCS

RLA

WNSSP

Daily Low

Intensity

Canning et al29 RCT Adults, sTBI þ motor

impairment (24)

Intensive sit-to-stand

training (5d/wk)

Care as usual Subacute (inpatient

rehabilitation)

4wk Sit-to-stand

VO2peak

VO2 equiv

Pre-post Low

Cicerone et al30 CT Adults, msTBI (56) Intensive cognitive

rehabilitation

program (5h/d,

4d/wk)

Care as usual (15h/wk) Postacute (outpatient

rehabilitation)

16wk CIQ

QCIQ

Pre-post High

Sarajuuri et al28 CT Adults, msTBI (39) Individualized subgroup

rehabilitation

program (>5h/d,

5d/wk)

Care as usual Postacute (inpatient

rehabilitation; mean,

42.4mo postinjury)

6wk Productivity Pre, 2y postinjury High

Shiel et al26 RCT Adults, msTBI (56) Supplemental

rehabilitation

treatment (NFS)

Care as usual Subacute (inpatient

rehabilitation)

Mean, 44e125d* FIM

FAM

Pre-post Low

Zhu et al27 RCT Adolescents (>12y) and

adults, msTBI (86)

Intensive rehabilitation

(4h/d, 5d/wk)

Care as usual

(2h/d, 5d/wk)

Subacute (mean, 20d

postinjury)

Max. 6mo FIM

GOS

NCSE

Pre, 1, 2, 3, 6, 8, 10,

12mo postinjury

Low

Abbreviations: CIQ, Community Integration Questionnaire; CT, controlled trial; DRS, Disability Rating Scale; DTH, discharge to home; FAM, Functional Assessment Measure; GOS, Glasgow Outcome Scale; LOC,

loss of consciousness; Max., maximum; msTBI, moderate/severe TBI; NCSE, Neurobehavioral Cognitive Status Examination; NFS, not further specified; QCIQ, Quality of Community Integration Questionnaire;

QRCT, quasi-RCT; RLA, Rancho Los Amigo Scale of Cognitive Functioning; RROB, relative risk of bias; sTBI, severe TBI; VO2peak, maximum oxygen uptake; VO2 equiv, oxygen consumption during a 3-minute

equivalent workload test; WNSSP, Western Neuro Sensory Stimulation Profile.

* Mean length of stay differed between the experimental groups of the 2 participating centers.
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Table 2 Risk of bias analysis for studies assessing the timing or intensity of neurorehabilitation

Study

Selection Bias

Performance

Bias Detection Bias Attrition Bias Other

Design Allocation Concealment

Patient

Blinding

Outcome

Blinding

Outcome

Objectivity Attrition Missing Data Analysis

Timing

Abbasi et al23 RCT

Low risk

Hospital record

number

High risk

ND

Unclear risk

ND

Unclear risk

Yes

Low risk

Clinician-rated

Low risk

100%

Low risk

No

Low risk

Pre-post

Low risk

Andelic et al22 QRCT

Low risk

Available bed

principle

Low risk

No

High risk

ND

Unclear risk

ND

Unclear risk

Patient- and

clinician-rated

High risk

95%

Low risk

ND

Low risk

Post

High risk

Langhorn et al21 CT

High risk

Clinical referral

High risk

NA ND

Unclear risk

Yes

Low risk

Clinician-rated

Low risk

85%

Low risk

ND

High risk

Post

High risk

Mackay et al20 CT

High risk

Clinical referral

High risk

NA ND

Unclear risk

ND

Unclear risk

Patient- and

clinician-rated

High risk

ND

Unclear risk

ND

Unclear risk

Post

High risk

Megha et al24 RCT

Low risk

Computer

algorithm

Low risk

ND

Unclear risk

ND

Unclear risk

ND

Unclear risk

Clinician-rated

High risk

100%

Low risk

No

Low risk

Pre-post

Low risk

Moattari et al25 RCT

Low risk

ND

Unclear risk

ND

Unclear risk

Yes

Low risk

Yes

Low risk

Clinician-rated

Low risk

100%

Low risk

No

Low risk

Pre-post

Low risk

Intensity

Canning et al29 RCT

Low risk

Envelope

Low risk

Yes

Low risk

ND

Unclear risk

Yes

Low risk

Performance-

based

Low risk

58%e88%*

Mixed risk

ND

High risk

Pre-post

Low risk

Cicerone et al30 CT

High risk

Clinical referral

High risk

NA ND

Unclear risk

ND

Unclear risk

Patient- and

clinician-rated

High risk

98%

Low risk

ITT

Low risk

(Pre)-post

Mixed risk

Sarajuuri

et al28
CT

High risk

Clinical referral

High risk

NA ND

Unclear risk

Partly

Mixed risk

Patient- and

clinician-rated

Mixed risk

93%

Low risk

ND

Low risk

Pre-post

Low risk

Shiel et al26 RCT

Low risk

Stratified by

computer

Low risk

Yes

Low risk

ND

Unclear risk

Yes

Low risk

Clinician-rated

Low risk

93%

Low risk

ND

Low risk

Pre-post

Low risk

Zhu et al27 RCT

Low risk

Stratified by

envelope

Low risk

Yes

Low risk

ND

Unclear risk

Yes

Low risk

Clinician-rated

Low risk

96%

Low risk

ND

Low risk

(Pre)-post

Mixed risk

Abbreviations: CT, controlled trial; ITT, intention-to-treat; NA, not available; ND, no data; QRCT, quasi-RCT.

* Depending on outcome variable.
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Early multisensory stimulation for patients in a coma
Abbasi et al23 compared an early multisensory stimulation pro-
gram (nZ25) with usual care (nZ25) for comatose patients with
severe TBI in an RCT on the intensive care unit of a trauma
center. Family members were trained to provide naturalistic and
affective stimulation of the auditory, visual, and somatosensory
modalities for 30min/d, delivered during 6 consecutive days
starting from the first morning after admission. Outcome was
measured daily in terms of the level of consciousness (GCS
score). The authors found that patients in the intervention group
had higher levels of consciousness than patients in the control
group from the second day of the intervention. This effect was
maintained up to the last day of the intervention. Taken together,
these findings indicate that early multisensory integration has a
positive influence on the rate and extent of consciousness recov-
ery in the first week after severe TBI. Risk of bias analysis
revealed that the study by Abbasi had a low relative risk of bias
(see table 2).
A study by Megha et al24 investigated the effect of a 2-week
early multisensory stimulation program (100min/d, 5d/wk) on
the recovery of adult patients with severe TBI in coma using an
RCT design. The stimulation program was initiated directly after
hemodynamic stabilization at the intensive care unit and involved
the stimulation of the visual, auditory, olfactory, tactile, and gus-
tatory modalities by a designated therapist. Where possible,
stimulation was customized using autobiographic stimuli with
strong personal salience (eg, favorite perfume, food taste, friends’
pictures). Using a computerized algorithm, patients admitted to
the intensive care unit were allocated to a control group (ie, usual
care consisting of conventional physical therapy twice daily,
nZ10), a low-frequency intervention group (ie, two 50-min ses-
sions of multimodal stimulation, nZ10), and a high-frequency
intervention group (ie, five 20-min sessions of multimodal stim-
ulation, nZ10). Outcome was measured pre- and postintervention
in terms of the level of consciousness (ie, GCS score) and level of
global sensory functioning (ie, Western Neuro Sensory
www.archives-pmr.org
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Effects of timing and intensity of neurorehabilitation 7
Stimulation Profile). The results revealed that both intervention
groups had a higher level of consciousness after treatment
compared with the control group that received usual care. These
findings indicate that early multisensory stimulation has beneficial
effects on the recovery of consciousness in comatose patients with
severe TBI. Risk of bias analysis revealed that the study by Megha
had a low relative risk of bias (see table 2).

Moattari et al25 also used an RCT to investigate the effect of an
early sensory stimulation program (80min/d, 7d in 1wk) on
recovery of adult patients with severe TBI in coma. The inter-
vention was initiated after hemodynamic stabilization at the
intensive care unit and involved stimulation of sensory modalities
using autobiographic stimuli that were provided by the family.
Patients were randomly allocated to the control group (ie, care as
usual, nZ20), a nurse intervention group (ie, intervention deliv-
ered by qualified nurses, nZ20), or a family intervention group
(ie, intervention delivered by family members, nZ20). A nurse
blinded to group allocation performed daily outcome measure-
ments of the level of consciousness (ie, GCS score), level of basic
cognitive functioning (ie, Rancho Los Amigos Scale for Cognitive
Functioning), and level of basic sensory functioning (ie, Western
Neuro Sensory Stimulation Profile). The results of this study
revealed that when compared with patients in the nurse inter-
vention or control group, patients in the family intervention group
had a higher level of consciousness, basic cognitive functioning,
and sensory functioning. These findings indicate that early
multisensory stimulation promotes functional recovery in coma-
tose patients with severe TBI. Risk of bias analysis revealed that
the study by Moattari had a low relative risk of bias (see table 2).

Systematic review of studies assessing the
intensity of neurorehabilitation

A total of 5 studies assessed the effectiveness of intensive neu-
rorehabilitation programs for patients with moderate to severe
TBI, including 2 controlled trials and 3 RCTs. The studies typi-
cally investigated an intensified form of usual care.

Supplemental rehabilitation treatment
Shiel et al26 compared the effectiveness of an intensive multidis-
ciplinary neurorehabilitation program (nZ24) with a routine in-
tensity program for adults with moderate to severe TBI (<10
therapy hours per week, nZ27). Patients were allocated to the
study conditions nested in 2 rehabilitation centers using a stratified
randomization procedure. In the intervention arm, additional
therapy was provided on request of the multidisciplinary team.
Unfortunately, the authors did not report the actual increase in
therapy intensity associated with the intervention. Outcome was
measured at admission to and discharge from the rehabilitation
center, and involved measurements of global functional outcome
(FIM and Functional Assessment Measure). The results of this
study revealed that patients in the intensive multidisciplinary
neurorehabilitation program had greater improvements in self-
care, continence, mobility transfers, locomotion, communication,
psychosocial functioning, and cognition as rated by therapists.
Nevertheless, the authors also showed that this beneficial effect
was present in only 1 of the 2 rehabilitation centers that delivered
the intervention. Taken together, these findings indicate that
intensive neurorehabilitation can promote functional recovery
from moderate to severe TBI; however, the authors suggest that
rehabilitation centers should have sufficient facilities to provide
www.archives-pmr.org
high-intensity therapy because this could have accounted for the
differential findings in the 2 participating centers. Risk of bias
analysis revealed that the study by Shiel had low relative risk of
bias (see table 2).

Intensive multidisciplinary neurorehabilitation programs
Zhu et al27 executed an RCT to compare the effect of multidis-
ciplinary inpatient neurorehabilitation at 100% increased intensity
(4 therapy hours per day, delivered 5d/wk; nZ24) with the same
program at routine intensity (2 therapy hours per day, delivered
5d/wk; nZ20) in adolescents, young adults, and adults with
moderate to severe TBI. The neurorehabilitation program was
delivered by a multidisciplinary team consisting of neurosurgeons,
rehabilitation physicians, physiotherapists, occupational thera-
pists, speech therapists, nurses, and medical social workers.
Outcome was measured in terms of global functional outcome (ie,
FIM, Glasgow Outcome Scale, Neurobehavioral Cognitive Status
Examination) at admission and 1, 2, 3, 6, 8, 10, and 12 months
postinjury. Compared with patients in the routine intensity pro-
gram, patients in the intensive neurorehabilitation program had a
higher chance of obtaining a maximum score on the FIM at 3
months postinjury, and a maximum score on the Glasgow
Outcome Scale at 2 and 3 months postinjury. These positive
effects of the intensive neurorehabilitation program were not
maintained at 6 and 12 months postinjury. Taken together, these
results suggest that the intensive neurorehabilitation program
promoted the rate of recovery in global functioning, rather than
the extent of functional recovery at 12 months postinjury. Risk of
bias analysis revealed that the study by Zhu had a low relative risk
of bias (see table 2).

Sarajuuri et al28 performed a controlled trial to compare a
6-week intensive multidisciplinary inpatient neurorehabilitation
program with a focus on neuropsychological rehabilitation and
psychotherapy (>5h/d, 5d/wk; nZ19) with care as usual (unfor-
tunately, the intensity of usual care was not further specified;
nZ20) in a group of patients with severe TBI. Outcome was
measured in terms of vocational status (productive or not pro-
ductive) at admission and 2 years postinjury. The results showed
that patients in the intensive neurorehabilitation program had a
higher chance of a productive status (89%) at 24 months after
completion of their rehabilitation treatment compared with pa-
tients that received usual care (59%). These findings indicate that
an intensive neurorehabilitation program in the outpatient phase
may increase the likelihood of return to work in adults with severe
TBI. The study by Sarajuuri had a high relative risk of bias
(see table 2).

Multidisciplinary neurorehabilitation intensified with task-
specific motor training
Canning et al29 compared the effectiveness of a routine neuro-
rehabilitation program supplemented with a 4-week intensive
task-specific motor training (nZ12) with care as usual (nZ9) for
patients with severe TBI and motor impairment. The task-specific
motor training consisted of 100 repetitions of sit-to-stand and 60
repetitions of step-up exercises per day, delivered 5d/wk. Unfor-
tunately, the intensity of the routine neurorehabilitation program
was not specified. Outcome was measured pre- and post-
intervention in terms of motor functioning (3-min sit-to-stand
test). The results revealed that the intensified neurorehabilitation
program had a large positive effect on the number of repetitions of
sit-to-stand during the 3-minute test compared with care as usual.

http://www.archives-pmr.org


Study name Subgroup RRoB Statistics for each study

Cohen’s d SE 95%-CI z p 

Abbasi et al., 2009 NA Low 1.88 0.34 1.21 2.54 5.53 .000
Andelic et al., 2012 NA High 0.68 0.28 0.13 1.24 2.41 .016
Langhorn et al., 2014 NA High 0.26 0.33 -0.38 0.90 0.79 .430
Mackay et al., 1992 NA High 1.08 0.45 0.19 1.98 2.39 .017
Megha et al., 2013 High frequency Low 1.33 0.50 0.36 2.31 2.67 .008

Low frequency Low 1.85 0.54 0.79 2.91 3.41 .001
Moattari et al., 2016 Family-delivered Low 1.24 0.35 0.56 1.92 3.58 .000

Nurse-delivered Low 0.24 0.32 -0.38 0.86 0.75 .454
1.02 0.23 0.56 1.47 4.36 .000Meta-analysis 

Cohen’s d with 95% CI

-1.25 0.00 1.25 2.50

Fig 2 Meta-analysis of studies assessing the timing of neurorehabilitation. Abbreviations: CI, confidence interval; NA, not applicable; RROB,

relative risk of bias.
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Risk of bias analysis revealed that the study by Canning overall
had a low relative risk of bias (see table 2).

Intensive cognitive rehabilitation program
Cicerone et al30 executed a controlled trial to compare a 16-week
intensive multidisciplinary outpatient neurorehabilitation program
(5 therapy hours per day, delivered 4d/wk; nZ27) for adults with
TBI with care as usual (15 therapy hours per week; nZ29). The
intervention was aimed at cognitive remediation, developing
compensation strategies for cognitive deficits, small-group treat-
ment for interpersonal and pragmatic communication skills, psy-
chotherapy, family support, therapeutic work trials, and placement
to facilitate educational or vocational readiness. Outcome was
measured in terms of community integration (Community Integra-
tion Questionnaire). The results revealed that patients in the inter-
vention group had better community integration compared with
patients in the control group. These findings indicate that intensive
outpatient rehabilitation may improve community integration after
severe TBI. Risk of bias analysis revealed that the study byCicerone
overall had a high relative risk of bias (see table 2).
Meta-analytic synthesis

Timing
All 6 studies that assessed the effect of early neurorehabilitation
programs were included for meta-analysis, representing a meta-
analytic sample of 286 patients (fig 2). Five of the 6 studies
showed a significant positive overall effect of early neuro-
rehabilitation programs compared with care as usual on functional
outcome. Meta-analytic aggregation of effect sizes showed that
early neurorehabilitation programs had a large positive effect on
Study name RRoB Statistics for each 

Cohen’s d SE 95%-CI

Canning et al., 2003 Low 0.75 0.51 -0.24 1.75
Cicerone et al., 2004 High 0.64 0.27 0.10 1.17
Sarajuuri et al., 2005 High 1.07 0.48 0.13 2.01
Shiel et al., 2001 Low 0.85 0.29 0.27 1.42
Zhu et al., 2007 Low 0.36 0.30 -0.22 0.94

0.67 0.15 0.38 0.97Meta-analysis 

Fig 3 Meta-analysis of studies assessing the intensity of neurorehabilita
functional outcome compared with care as usual (dZ1.02;
P<.001; 95% confidence interval, 0.56e1.47; I2Z68.2%). This
meta-analytic effect was robust to the influence of publication bias
(fail-safe nZ113), and Egger funnel plot asymmetry was not
significant (PZ.20). These findings indicate that there is no
evidence for publication bias among the included studies. Two
controlled trials and a quasi-RCT had a high relative risk of bias.
After excluding these studies from the analysis, the remaining 3
RCTs with a low relative risk of bias replicated the large positive
effect of early neurorehabilitation programs (dZ1.27; P<.001;
95% confidence interval, 0.61e1.93; I2Z72.8%). Taken together,
the available evidence indicates that early onset of neuro-
rehabilitation programs effectively promotes functional recovery
from moderate to severe TBI compared with usual care.

Intensity
All 5 studies that assessed the effect of intensive neurorehabilitation
programs were included for meta-analysis, representing a meta-
analytic sample of 211 patients (fig 3). Three out of the 5 studies
showed a significant positive overall effect of intensive neuro-
rehabilitation on the assessed functional outcome measures.
Together, these studies showed a medium-sized positive effect of
intensive neurorehabilitation programs compared with care as usual
(dZ.67; P<.001; 95% confidence interval, .38e.97; I2Z0%). This
meta-analytic effect size was not robust to the influence of publi-
cation bias (fail-safe nZ22), but Egger funnel plot asymmetry was
also not significant (PZ.41). Together, these findings suggest that
there is no influence of publication bias on the meta-analytic effect
size. Two controlled trials had a high relative risk of bias. After
excluding these studies, the remaining 3 RCTs with a low relative
risk of bias replicated a medium-sized positive effect of intensive
neurorehabilitation on functional outcome (dZ.63; PZ.001; 95%
study Cohen’s d with 95%-CI

z p

1.48 .139
2.32 .020
2.23 .026
2.90 .004
1.21 .226
4.49 .000

0.00 1.25 2.50

tion. Abbreviations: CI, confidence interval; RROB, relative risk of bias.
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confidence interval, 0.25e1.00, I2Z0%). Consequently, the avail-
able evidence indicates that more intensive neurorehabilitation
programs promote functional recovery of patients with moderate to
severe TBI compared with usual care.
Discussion

Summary of evidence

This systematic review and meta-analysis of (randomized)
controlled trials assessed the effects of timing and intensity of
neurorehabilitation on the recovery of functional outcome in a
total sample of 491 patients with moderate to severe TBI. The
available evidence indicates that early onset neurorehabilitation in
the trauma center and more intensive neurorehabilitation in the
rehabilitation facility have beneficial effects on the functional
recovery of patients with TBI compared with usual care. Taken
together, these findings indicate that the integration of early onset
and intensive neurorehabilitation into the existing chain of care
may considerably promote functional outcome in patients with
moderate to severe TBI.

Regarding timing of neurorehabilitation, the systematic search
identified 6 controlled studies that compared the effectivity of
early neurorehabilitation programs with usual care. All early
neurorehabilitation programs involved multisensory stimulation to
promote early recovery in the trauma center, including 3 studies
exclusively focused on comatose patients. With one exception, all
studies provided evidence supporting the beneficial effect of early
neurorehabilitation, as observed by a faster rate or a larger extent
of functional recovery. Meta-analytic aggregation of the reported
effects across all functional outcome measures further confirmed
that early neurorehabilitation has a large-sized beneficial effect on
functional outcome compared with care as usual (dZ1.02). After
excluding 3 studies with a high relative risk of bias, the beneficial
effect of early neurorehabilitation was replicated based on the 3
remaining RCTs. All assessed early neurorehabilitation programs
had their onset in the trauma center, typically at the intensive care
unit after hemodynamic stabilization.

Five studies were identified that used a controlled design to
assess the effect of intensity of neurorehabilitation on functional
outcome of patientswithmoderate to severe TBI. The high-intensity
neurorehabilitation programs mostly involved exposure to supple-
mental neurorehabilitation care in addition to care as usual, pro-
vided in the rehabilitation center. Three of the 5 studies found
evidence supporting a beneficial effect of intensive neuro-
rehabilitation on functional recovery. Meta-analysis further
confirmed a medium-sized positive effect of intensive neuro-
rehabilitation programs across all reported outcomemeasures when
compared with usual care (dZ.67). This positive effect was also
replicated using the 3 RCTs that remained after exclusion of 2
studies with a high relative risk of bias. Among the included studies,
the exact intensity of neurorehabilitationwas unknown for 2 studies.
The other 3 studies all reported positive effects of intensive neuro-
rehabilitation, which encompassed at least 20 therapy hours per
week (ie, 4e5 therapy hours per day, during 4e5d/wk).

The observed beneficial effects of early onset and intensive
neurorehabilitation on functional recovery are consistent with
findings from fundamental research in animal models,31 the
existing clinical literature on the intensity of motor rehabilitation
in patients with stroke (for a systematic review and meta-analysis,
see Cooke et al32), and the existing clinical literature on
www.archives-pmr.org
multidisciplinary neurorehabilitation for patients with acquired
brain injury in general (for systematic reviews, see Turner-Stokes
et al9,10,33). The current study extends these findings by providing
meta-analytic evidence supporting the beneficial effects of early
onset and intensive neurorehabilitation for functional recovery in
patients with moderate to severe TBI compared with usual care
and across a range of outcome measures covering the outcome
domains of consciousness, sensory function, motor function,
cognition, vocational functioning independence in daily life ac-
tivities, and community integration.

Limitations of the available literature

The limitations of reviews are primarily determined by the limi-
tations of the included studies. Most studies included in this review
had limitations that may affect the validity of their findings and the
findings of the current meta-analysis. Some of the studies (36%) did
not adopt a randomizing method for group allocation. In these
studies, clinical referral played a prominent role during group
allocation, which likely contributed to a selection bias. Only 1 of
the included studies blinded patients to group allocation (9% of
included studies). As such, performance bias may have contributed
to the observed meta-analytic intervention effects. Although most
studies (64%) reported some form of blinding during outcome
assessment, other studies that did not blind outcome assessment all
used subjective measures of functional outcome (ie, patient or
clinician ratings). Nevertheless, the potential influence of detection
bias in this study is thought to be modest because an additional
exploratory analysis replicated the observed effects of early and
intensive neurorehabilitation using solely studies with a low risk of
detection bias (dZ.90, PZ.03 and dZ.63, PZ.001, respectively).
Moreover, the sample sizes in the available literature were typically
small (total study sample size: mean, 51.1; range, 24e86) and may
also have considerable heterogeneity (eg, injury severity). In
addition, the contents of experimental and control programs were
not always clearly described. Finally, although the current findings
support the positive effects of early and intensive neuro-
rehabilitation, it is known that timing and intensity influence re-
covery according to an inverted U-shaped curve,7 of which the
optimal timing and intensity remain unknown.

Recommendations for future research

Based on limitations of the available literature, we have recom-
mendations for future research. Newly designed studies should
aim for large study groups recruited from multiple centers to
increase the representativeness of the study sample. Special in-
terest may be attributed to adolescents and young adults, given
some evidence suggesting that a younger age at injury is associ-
ated with a greater potential for neural plasticity that underlies
functional recovery.8 A random procedure should be used for
group allocation, preferably nested within the participating cen-
ters. If a classic RCT design is deemed impracticable for ethical
reasons, cluster randomized (crossover) trials may provide
attractive alternatives.34,35 Furthermore, future studies should at
least blind outcome assessment, include a wide range of functional
outcome measures (eg, neurocognitive, motor, social, and occu-
pational functioning), and use objective, performance-based
outcome measures (eg, neurocognitive tests).36 Finally, future
studies should be aimed at titrating the optimal onset and intensity
of neurorehabilitation, preferably stratified for crucial injury-
related variables.

http://www.archives-pmr.org
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Conclusions

The available evidence indicates that early onset neuro-
rehabilitation in the trauma center and more intensive neuro-
rehabilitation in the rehabilitation facility promote functional
recovery of patients with moderate to severe TBI compared with
usual care. Studies with positive effects initiated early rehabili-
tation in the trauma center after hemodynamic stabilization,
whereas intensive neurorehabilitation encompassed at least 20
therapy hours per week. Nevertheless, the optimal timing and
intensity of neurorehabilitation remains unknown. More research
is needed to determine the gain of early and intensive neuro-
rehabilitation in younger patients, with greater potential for neural
plasticity and functional recovery and a longer period for return on
personal, societal, and economic investment.
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11.e1 M. Königs et al
Supplemental Appendix S1 Search Terms
for the Electronic Database Search
PubMed

(((“Brain Injuries”[Mesh] OR brain injur*[tiab] OR brain trauma*
[tiab] OR brain contusion*[tiab] OR brain damage[tiab] OR
concussion*[tiab] OR cerebral injur*[tiab] OR cerebral trauma*
[tiab] OR cerebral contusion*[tiab] OR cerebral damage[tiab] OR
traumatic encephalopath*[tiab] OR tbi[tiab] OR tbis[tiab] OR
ctbi-b[tiab] OR contrecoup[tiab] OR post-concussi*[tiab] OR
postconcussi*[tiab] OR post-trauma*[tiab] OR posttrauma*[tiab]
OR traumatic brain*[tiab] OR traumatic cerebral*[tiab] OR
axonal injur*[tiab] OR dai[tiab] OR dais[tiab] OR commotio
cerebri[tiab] OR brain injur*[ot] OR brain trauma*[ot] OR brain
contusion*[ot] OR brain damage[ot] OR concussion*[ot] OR ce-
rebral injur*[ot] OR cerebral trauma*[ot] OR cerebral contusion*
[ot] OR cerebral damage[ot] OR traumatic encephalopath*[ot] OR
tbi[ot] OR tbis[ot] OR ctbi-b[ot] OR contrecoup[ot] OR post-
concussi*[ot] OR postconcussi*[ot] OR post-trauma*[ot] OR
posttrauma*[ot] OR traumatic brain*[ot] OR traumatic cerebral*
[ot] OR axonal injur*[ot] OR dai[ot] OR dais[ot] OR commotio
cerebri[ot]) AND (“Rehabilitation”[Mesh] OR “rehabil-
itation”[Subheading] OR rehabil*[tiab] OR recover*[tiab] OR
rehabil*[ot] OR recover*[ot])) AND (“Treatment Out-
come”[Mesh] OR “Intervention Studies”[Mesh] OR interven*
[tiab] OR interven*[ot])) AND ((double-blind method[mh] OR
single-blind method[mh] OR clinical trial[pt] OR “clinical tri-
al”[tw] OR “pragmatic trial”[tw] OR “real world trial”[tw] OR
((singl*[tw] OR doubl*[tw] OR trebl*[tw] OR tripl*[tw]) AND
(mask*[tw] OR blind*[tw])) OR “latin square”[tw] OR placebos
[mh] OR placebo*[tw] OR random*[tw] OR research design
[mh:noexp] OR comparative study[pt] OR evaluation studies[pt]
OR follow-up studies[mh] OR prospective studies[mh] OR cross-
over studies[mh] OR control[tw] OR controll*[tw] OR pro-
spectiv*[tw] OR volunteer*[tw]) NOT (animals[mh] NOT
humans[mh]))
Embase

((’brain injury’/exp OR (brain NEAR/3 injur*):ab,ti OR (brain
NEAR/3 trauma*):ab,ti OR (brain NEAR/3 contusion*):ab,ti OR
’brain damage’:ab,ti OR concussion*:ab,ti OR (cerebral NEAR/3
injur*):ab,ti OR (cerebral NEAR/3 trauma*):ab,ti OR (cerebral
NEAR/3 contusion*):ab,ti OR ’cerebral damage’:ab,ti OR (trau-
matic NEAR/3 encephalopath*):ab,ti OR tbi:ab,ti OR tbis:ab,ti
OR ’ctbi-b’:ab,ti OR contrecoup:ab,ti OR (post NEAR/3 con-
cussi*):ab,ti OR postconcussi*:ab,ti OR (post NEAR/3 trau-
ma*):ab,ti OR posttrauma*:ab,ti OR (traumatic NEAR/3
brain*):ab,ti OR (traumatic NEAR/3 cerebral*):ab,ti OR (axonal
NEAR/3 injur*):ab,ti OR dai:ab,ti OR dais:ab,ti OR ’commotio
cerebri’:ab,ti) AND (’rehabilitation’/exp OR rehabil*:ab,ti OR
recover*:ab,ti) AND (’treatment outcome’/exp OR ’intervention
study’/exp OR interven*:ab,ti)) AND (’clinical trial’/exp OR
’triple blind procedure’/exp OR ’double blind procedure’/exp OR
’single blind procedure’/exp OR ’randomization’/exp OR
’placebo’/exp OR ’methodology’/de OR ’comparative study’/de
OR ’evaluation study’/de OR ’follow up’/exp OR ’prospective
study’/exp OR ’crossover procedure’/exp OR ’clinical trial’:ab,ti
OR (singl*:ab,ti OR doubl*:ab,ti OR trebl*:ab,ti OR tripl*:ab,ti
AND (mask*:ab,ti OR blind*:ab,ti)) OR ’latin square’:ab,ti OR
placebo*:ab,ti OR random*:ab,ti OR control:ab,ti OR con-
troll*:ab,ti OR prospectiv*:ab,ti OR volunteer*:ab,ti NOT ([ani-
mals]/lim NOT [humans]/lim))
PsycINFO

(DE “Traumatic Brain Injury” OR DE “Brain Concussion” OR TI
(“brain injur*” OR “brain trauma*” OR “brain contusion*” OR
“brain damage” OR concussion* OR “cerebral injur*” OR “ce-
rebral trauma*” OR “cerebral contusion*” OR “cerebral damage”
OR “traumatic encephalopath*” OR tbi OR tbis OR “ctbi-b” OR
contrecoup OR “post-concussi*” OR postconcussi* OR “post-
trauma*” OR posttrauma* OR “traumatic brain*” OR “traumatic
cerebral*” OR “axonal injur*” OR dai OR dais OR “commotio
cerebri”) OR AB (“brain injur*” OR “brain trauma*” OR “brain
contusion*” OR “brain damage” OR concussion* OR “cerebral
injur*” OR “cerebral trauma*” OR “cerebral contusion*” OR
“cerebral damage” OR “traumatic encephalopath*” OR tbi OR
tbis OR “ctbi-b” OR contrecoup OR “post-concussi*” OR post-
concussi* OR “post-trauma*” OR posttrauma* OR “traumatic
brain*” OR “traumatic cerebral*” OR “axonal injur*” OR dai OR
dais OR “commotio cerebri”)) AND (DE “Rehabilitation” OR DE
“Cognitive Rehabilitation” OR DE “Criminal Rehabilitation” OR
DE “Drug Rehabilitation” OR DE “Neuropsychological Reha-
bilitation” OR DE “Neurorehabilitation” OR DE “Occupational
Therapy” OR DE “Physical Therapy” OR DE “Psychosocial
Rehabilitation” OR TI (rehabil* OR recover*) OR AB (rehabil*
OR recover*)) AND (DE “Treatment Outcomes” OR DE “Psy-
chotherapeutic Outcomes” OR DE “Intervention” OR TI (inter-
ven*) OR AB (interven*)) AND ((DE “Clinical Trials” OR ZC
“treatment outcome/clinical trial”) OR TX (“clinical trial” OR
“pragmatic trial” OR “real world trial” OR ((TX singl* OR TX
doubl* OR TX trebl* OR TX tripl*) AND (TX mask* OR TX
blind*)) OR TX (“latin square” OR placebo* OR random* OR
“research design” OR “comparative stud*” OR “evaluation stud*”
OR “follow-up stud*” OR “prospective stud*” OR “cross-over
stud*” OR control OR controll* OR prospectiv* OR volunteer*))
NOT (PO Animal NOT PO Human))
Cochrane Database

((“brain injur*” or “brain trauma*” or “brain contusion*” or
“brain damage” or concussion* or “cerebral injur*” or “cerebral
trauma*” or “cerebral contusion*” or “cerebral damage” or
“traumatic encephalopath*” or tbi or tbis or “ctbi-b” or contrecoup
or “post-concussi*” or postconcussi* or “post-trauma*” or post-
trauma* or “traumatic brain*” or “traumatic cerebral*” or “axonal
injur*” or dai or dais or “commotio cerebri”):ab,ti,kw AND
(rehabil* or recover*):ab,ti,kw AND (“treatment outcome*” or
interven*):ab,ti,kw)
www.archives-pmr.org
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