
O R I G I N A L  R E S E A R C H

Factors Influencing Functional Recovery in People 
After Chronic Critical Illness During Early 
Neurological Rehabilitation
Oliver Plechinger1,2, Petra Bauer 1,3, Michaela Schunk1,3, Maria Schlutt2, Klaus Jahn2,4, 
Jeannine Bergmann2,4, Marion Egger 2

1Faculty of Applied Health and Social Sciences, Rosenheim Technical University of Applied Sciences, Rosenheim, Germany; 2Department of Neurology 
and Intensive Care Medicine, Schoen Clinic Bad Aibling, Bad Aibling, Germany; 3Centre for Research, Development and Technology Transfer, 
Rosenheim Technical University of Applied Sciences, Rosenheim, Germany; 4German Center for Vertigo and Balance Disorders, LMU University 
Hospital, Munich, Germany

Correspondence: Oliver Plechinger, Faculty of Applied Health and Social Sciences, Rosenheim Technical University of Applied Sciences, Rosenheim, 
Germany, Email oliver.plechinger@th-rosenheim.de

Background: Advances in intensive care have increased survival after critical illness, often accompanied by prolonged mechanical 
ventilation and the development of chronic critical illness (CCI) with persistent physical impairments. Physiotherapy in early rehabilitation 
is central to restoring function, though recovery is influenced by various (pre-)clinical factors. This study provides a systematic description 
of physiotherapy during early rehabilitation and explores how (pre-)clinical factors affect functional outcomes.
Methods: This secondary analysis of the prospective cohort study CINAMOPS included participants after CCI with ≥5 days of 
invasive ventilation. Physiotherapeutic goals, interventions, and mobility milestones were recorded and analyzed descriptively. To 
quantify functional recovery, a study-specific, non-validated cumulative milestone score based on weighted physiotherapeutic mobility 
milestones was developed to capture nonlinear recovery trajectories. Multiple linear regression with backward elimination assessed the 
impact of age, sex, CIP/CIM, sepsis, ventilation duration, COVID-19, cerebral lesion, frailty, physical activity, comorbidities, and 
weekly physiotherapy sessions on milestone achievement.
Results: A total of 237 participants after CCI (mean age 62 ± 14 years, 34% female, median ICU stay 57 days, median rehabilitation 
67 days) were included. Severe mobility limitations were present at admission. High functional goals, such as walking (85%) and stair 
climbing (57%), were frequently defined. Mainly active, functionally oriented interventions were applied, particularly gait training 
(81%) and balance training (65%). All mobility milestones improved significantly until discharge (p < 0.001), though limitations 
persisted. Cerebral lesion (p = 0.018), CIP/CIM (p = 0.022), and sepsis (p = 0.046) were associated with lower milestone scores.
Conclusion: This study provides a systematic overview of physiotherapeutic goals, interventions, and mobility milestones after CCI. 
Cerebral lesion, CIP/CIM, and sepsis were associated with lower functional recovery and may represent relevant factors for 
rehabilitation approaches. However, further research is needed to validate the cumulative milestone score and to further investigate 
rehabilitation trajectories after CCI.
Keywords: chronic critical illness, early neurological rehabilitation, physiotherapy, mobility milestones, functional recovery, CIP/ 
CIM, cerebral lesion, sepsis

Introduction
Advances in intensive care medicine and the development of novel treatment approaches have led to increasing survival rates 
after Intensive Care Unit (ICU) stays.1 However, some patients develop persistent organ dysfunction requiring prolonged ICU 
treatment and extended mechanical ventilation. This syndrome is referred to as chronic critical illness (CCI).2 In addition, new or 
persistent physical, psychological, and cognitive impairments may occur after an ICU stay, commonly described in the literature 
as Post-Intensive Care Syndrome (PICS).3–5 Physical impairments are the most common manifestations associated with PICS.6 

One example of a physical health impairment following intensive care treatment is the development of generalized muscle 
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weakness, known as ICU-acquired weakness (ICUAW).7 ICUAW manifests as diffuse, symmetric weakness of the limbs and 
respiratory muscles that can persist for months or even years after ICU discharge8,9 and is typically caused by critical illness 
polyneuropathy (CIP), critical illness myopathy (CIM), or a combination of both conditions.7 CIP is a distal axonal sensorimotor 
polyneuropathy that affects the innervation of both respiratory and limb muscles, typically presenting with greater severity in 
distal compared to proximal muscles. CIM is a primary myopathy that predominantly affects the proximal respiratory and limb 
muscles.10 Electrophysiological examination is considered the gold standard for confirming the diagnosis of CIP and CIM.11

For most patients after CCI, a subsequent inpatient rehabilitation phase follows intensive care rehabilitation to 
continue therapeutic measures, aiming for discharge either to home or a nursing facility.12,13 Physiotherapy plays 
a central role in restoring physical function after an ICU stay, as well as in the treatment of ICUAW.14,15 However, 
there is still a lack of studies describing specific physiotherapeutic goals and interventions, especially during the post- 
acute inpatient rehabilitation phase after CCI.16–18 To assess functional recovery, mobility milestones (MobMS) and 
mobility-related activities are among the most frequently reported approaches for evaluating physical functioning in 
critically ill patients.19 Despite this, a wide range of outcome measures has been used, and no consensus has yet been 
reached regarding the most appropriate assessment tools for patients after CCI.20 Moreover, the factors influencing 
functional rehabilitation are not fully understood. To date, only a few longitudinal studies have investigated the 
association between (pre-)clinical health status and functional impairments after ICU treatment.21

This study aimed to describe physiotherapeutic goals, interventions, and mobility-related functional recovery during 
inpatient rehabilitation in patients after CCI and to explore associations between sociodemographic, health-related, and 
(pre-)clinical factors and functional recovery. It was hypothesized that sociodemographic, health-related, and (pre-) 
clinical factors are associated with functional recovery in patients after CCI. To reflect rehabilitation trajectories, an 
exploratory cumulative milestone score based on achieved MobMS was applied.

Methods
Study Setting and Population
This study is a secondary data analysis of the monocentric prospective cohort study CINAMOPS (Critical Illness 
Polyneuropathy and Myopathy: Outcome, Predictors and Longitudinal Trajectories), which examined the clinical course 
and long-term outcomes of individuals after critical illness. The present analyses were conducted exploratorily within the 
CINAMOPS cohort.22 Data were collected in an inpatient neurorehabilitation setting specialized in the treatment of patients 
with severe functional impairments, including those requiring intensive care and early neurological rehabilitation.

Patients were recruited at admission to neurorehabilitation, after discharge from the ICU. Eligibility required that they 
had been invasively ventilated in the ICU for at least five days and were 18 years or older. Exclusion criteria were 
palliative treatment; preexisting neuromuscular or neurological diseases associated with severe muscle weakness (eg., 
Guillain-Barré syndrome, myasthenia gravis, amyotrophic lateral sclerosis, cervical myelopathy, porphyria, Lambert- 
Eaton syndrome, severe preexisting vasculitic neuropathy, and botulism); insufficient communicative ability (due to 
language barriers or cognitive impairment) that would prevent completion of the assessments, with no available relative 
or legal guardian to assist; full motor strength (MRC 5/5, no paresis); and enrollment only during a late stage of 
rehabilitation, as these patients were excluded to ensure comparability in baseline rehabilitation status. During neurolo
gical rehabilitation, patients received standard care, which typically consisted of approximately 100 minutes of multi
disciplinary therapy per day, including physiotherapy, occupational therapy, dysphagia therapy, and neuropsychology. 
The selection and content of therapeutic interventions were individualized and based on the patients’ respective ICF- 
based functional limitations and impairments during rehabilitation.

Electrophysiological testing was used to confirm a potential diagnosis of CIP/CIM and was carried out shortly after 
study enrolment. The testing included motor and sensory nerve conduction velocities, compound muscle action potential 
after nerve stimulation (neCMAP) and after direct muscle stimulation (dmCMAP), and electromyography. Details and 
criteria used to diagnose CIP/CIM can be found in the study protocol.20
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Standard Protocol Approval, Registration, and Patient Consent
The study received approval from the relevant institutional ethics committee (project no. 20166, 08.05.2020) and was 
conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants 
(or their legal guardians). The study was registered in a clinical trials registry (No. DRKS00025606).

Study Design
The analysis included two study visits: V1 marked inclusion into the CINAMOPS study after admission to inpatient 
neurorehabilitation, while V2 was conducted shortly before discharge from inpatient neurorehabilitation (Figure 1). As 
the study visits were part of the CINAMOPS study, they included a variety of questionnaires and functional assessments. 
For the present analysis, sociodemographic, health-related, and (pre-)clinical data collected at V1 were used for 
subsequent analyses.

Between V1 and V2, physiotherapy-related data were collected throughout inpatient rehabilitation, including phy
siotherapy frequency, physiotherapeutic goals, interventions, and achieved MobMS. These data were documented for 
each patient by physiotherapists during weekly team meetings using standardized clinical procedures and transferred into 
the hospital database system. For study purposes, a research associate transferred the data from the digital hospital 
information system into an Access database every two weeks.

Furthermore, at admission to neurorehabilitation, the MobMS already achieved were recorded from the documented 
physiotherapy-related data. At discharge from inpatient neurorehabilitation or at the end of rehabilitation in case of death, 
MobMS achieved or no longer achieved during the course of rehabilitation were reassessed using the continuously 
documented physiotherapy-related data. Based on these two assessment time points, a cumulative milestone score was 
calculated to reflect functional recovery during inpatient neurorehabilitation.

Admission to
neurorehabilitation

Discharge from inpatient
neurorehabilitation

V1 V2

Clinical data:

CIP/CIM [yes/no]
Sepsis [yes/no]
Duration of mechanical
ventilation in ICU
COVID-19 [yes/no]
Cerebral ischemia [yes/no]

Preclinical data:

Frailty
Elixhauser Comorbidity Index
(ECI)
International Physical Activity
Questionnaire (IPAQ)

Physiotherapy data (frequency, goals,
interventions, mobility milestones)

evaluated every two weeks

milestone score
baseline

milestone score
discharge

Sociodemographic and health-
related data:

Age
Sex
Diabetes status

Figure 1 Study design.
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Physiotherapeutic Data and Milestone Score
From the physiotherapy documentation in the hospital database system, numbered physiotherapeutic goals, interventions, 
and MobMS were assigned (Supplementary Table 1).

The frequency of physiotherapy interventions was calculated by summing the total number of physiotherapy sessions 
(30 minutes per session) during early neurorehabilitation for each participant and dividing this value by the total weeks 
spent in early neurorehabilitation. This resulted in the average frequency of physiotherapy interventions per week.

In critically ill patients, mobilization follows a hierarchical progression from basic in-bed mobility to more complex 
functional activities such as standing and walking.23 Accordingly, the sequence and grading of the MobMS were based 
on the ICU Mobility Scale24 as well as the milestones of the clinic’s mobilization concept, both of which follow 
a hierarchical approach to mobility tasks within the rehabilitation process. Initially, fifteen MobMS were defined by the 
study team according to a stepwise concept representing progressive levels of mobility and weighted according to their 
functional relevance (weighting factor 1–15). In contrast to the 11-level ICU Mobility Scale, the present study used a 15- 
level milestone hierarchy to additionally capture higher functional mobility levels during inpatient neurorehabilitation 
and to reduce potential ceiling effects during rehabilitation.

Based on these continuously documented physiotherapy-related data, the MobMS achieved at admission to early 
rehabilitation and at discharge from inpatient rehabilitation were determined according to the predefined 15-level 
milestone hierarchy. To calculate the milestone score, a baseline total score (M1) was calculated by summing the 
weights of milestones already achieved at admission. Similarly, a total score at discharge (M2) was obtained by summing 
the weights of milestones achieved by that time. The milestone score was then determined as the difference between M2 
and M1, reflecting the functional progress during rehabilitation. The milestone score assessed functional recovery in 
relation to the individual baseline status at admission to rehabilitation. Positive values indicated functional improvement 
compared with the mobility status at admission, whereas negative values indicated deterioration in mobility performance 
during rehabilitation compared with admission status. In contrast to the ICU Mobility Scale, which is based on the 
highest achieved mobility level, the present approach used a cumulative scoring system with an individual baseline score 
at admission, incorporating multiple achieved as well as no longer achieved MobMS throughout rehabilitation. Patients 
who died during rehabilitation were therefore not excluded from the analyses, as their inclusion allowed a more 
comprehensive representation of clinical courses, with death representing the end point of the rehabilitation trajectory. 
However, the cumulative milestone score has not yet undergone formal psychometric evaluation and was therefore 
applied in an exploratory manner in the present study.

Statistical Analysis
Clinical characteristics are presented as absolute values and percentages, as mean values and standard deviations or as 
median and interquartile range, as appropriate.

A descriptive analysis was performed to assess the frequencies of physiotherapeutic interventions conducted, 
physiotherapeutic goals defined, and the MobMS achieved.

To analyze differences in the achievement of MobMS at the beginning of early rehabilitation and at discharge from 
inpatient rehabilitation, the McNemar test for paired dichotomous data was applied for each MobMS.25 Effect sizes were 
calculated using Cohen’s g for paired dichotomous data. Values of Cohen’s g range from 0 (no positive change) to 1 
(maximum positive change). According to Ellis, values between 0.1 and 0.3 are considered small, between 0.3 and 0.5 
moderate, and greater than 0.5 large effect sizes.26

To investigate the association between potential predictors and the milestone score, a multiple linear regression 
analysis was carried out. The independent variables included age, sex, diabetes status, duration of mechanical ventilation, 
preclinical frailty (measured with the Clinical Frailty Scale (CFS)),27–29 preclinical physical activity (measured with the 
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International Physical Activity Questionnaire (IPAQ)),30,31 comorbidities (measured with the Elixhauser Comorbidity 
Scale (ECS)),32,33 sepsis, frequency of physiotherapy interventions per week, as well as the main diagnoses cerebral 
lesion, COVID-19, and CIP/CIM. Variable selection was done according to the recommendations given by Heinze et al34 

Backward elimination was performed using the Akaike Information Criterion (AIC) as the stopping rule. At each step, 
the variable whose removal yielded the largest decrease in AIC was eliminated, and the procedure was stopped when no 
further removal improved the AIC. Model fit was assessed using the adjusted R2. Stability investigations of the selected 
model were performed according to Heinze et al34 Bootstrap resampling with replacement (1000 replicates) was done for 
the calculation of inclusion frequencies, sampling distributions of regression coefficients, and model selection frequen
cies. Furthermore, the relative conditional bias (which measures the anticipated level of bias introduced by variable 
selection when a particular independent variable is chosen) was calculated as suggested in Heinze et al34 Postestimation 
shrinkage factors were calculated using the R package “shrink”35 to reduce potential overfitting of the regression model. 
Model assumptions (linearity of residuals, homoscedasticity, normal distribution, autocorrelation) were graphically 
assessed. Normality of the milestone score was additionally assessed visually using histograms and Q-Q plots and 
statistically using the Shapiro–Wilk test. For homoscedasticity, the Score Test for Non-Constant Error Variance (ncv test) 
was additionally computed. Multicollinearity was assessed by calculating variance inflation factors (VIF).

All analyses were performed with R (version 4.3.2). Statistical significance was set at p ≤ 0.05.

Results
Study Population
A total of 1064 patients were screened between August 2020 and July 2023. A total of 250 patients were enrolled in the 
study and study visits V1 and V2 were conducted between September 2020 and December 2023. Reasons for exclusion 
are shown in Figure 2. Eleven patients died before visit 2. A total of 237 participants were included in the analysis.

Patient and clinical characteristics are displayed in Table 1. The main reasons for ICU admission were cardiac and 
pulmonary diseases (37.6%) and COVID-19 (26.2%), as the study was conducted at the peak of the pandemic in 2020– 
2021. Patients frequently presented with sepsis (59.6%), acute kidney injury (54.9%), delirium (42.6%), and acute 
respiratory distress syndrome (37.1%). Preclinical frailty was observed in 9.3% of patients. Nerve conduction studies 
were performed in 204 participants for the diagnosis of CIP/CIM, which was confirmed in 164 cases (80.4%).

Physiotherapeutic Goals, Interventions and MobMS
The most frequently therapist-defined physiotherapeutic goal was the restoration of walking ability, which was set for 
85% of the patients. The ability to climb stairs was defined as a goal for just over half of the patients (57%), making it 
the second most common objective. An analysis of the goal hierarchy shows that objectives requiring more complex 
coordinative and strength-related abilities (eg., walking, stair climbing) were set more frequently than goals requiring 
fewer of these abilities, such as sitting, passive mobility, or wheelchair locomotion. This may be explained by the fact 
that patients were already admitted to early neurological rehabilitation following ICU treatment. Therefore, basic 
mobility goals such as sitting or turning in bed had often already been achieved at admission, whereas more advanced 
goals were more frequently defined during rehabilitation. Figure 3 provides an overview of the physiotherapeutic goals 
established by the therapists.

Patients received a median of 4.6 physiotherapy interventions per week (IQR 4–5.7; min/max 2/18). The descriptive 
analysis revealed that physiotherapeutic interventions were predominantly active in nature, with walking training (81%) 
being the most frequently applied, followed by balance training (65%) and strengthening exercises (61%). In contrast, 
interventions such as pain management (3%), relaxation (2%), contracture prophylaxis (1%), and functional electrical 
stimulation (1%) were rarely utilized. This distribution suggests that rehabilitation primarily focused on active, task- 
oriented interventions aimed at restoring mobility and functional independence. An overview of the physiotherapeutic 
interventions is provided in Figure 4.

The median milestone score at discharge was 55 (IQR 29–78; min/max −32/116). The achieved physiotherapeutic 
MobMS, including p-values and effect sizes, are presented in Table 2. The MobMS show significant differences between 

Journal of Multidisciplinary Healthcare 2026:19                                                                                 https://doi.org/10.2147/JMDH.S609776                                                                                                                                                                                                                                                                                                                                                                                                       5

Plechinger et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



the measurement time points, indicating that mobility status improved significantly during early rehabilitation. Nevertheless, 
some patients continued to exhibit mobility limitations at discharge from inpatient rehabilitation. This was particularly 
reflected by the limited achievement of higher-level MobMS, such as independent stair climbing and longer walking distances. 
Independent walking without external assistance or assistive devices was possible for approximately one quarter of patients at 
the end of inpatient rehabilitation. Similarly, fewer than half of the patients were able to climb stairs independently at 
discharge, and only 6% were able to walk distances greater than one kilometer. Most MobMS demonstrated moderate to large 

Figure 2 Study flow chart.
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Table 1 Patient and Clinical Characteristics

n = 237

Age, years 63 (54–72); min/max: 18/92

Sex, woman 80 (33.7%)

Length of hospitalization, days 143 (100–196); min/max: 50/448
Length of ICU stay, days 57 (40–78); min/max: 12/318

Length of mechanical ventilation, days 40 (27–59); min/max: 5/196

Length of neurological rehabilitation at the clinic, days 67 (45–104); min/max: 13/401

Time between …, days
First hospital admission and V1 82 (58–113); min/max: 27/333
ICU discharge and V1 14 (8–23); min/max: 1/130

V1 and V2 a 54 (30.5–83); min/max: 15/376

ICU discharge and V2 71 (49–110); min/max 14/350

Primary diagnosis
COVID-19 62 (26.2%)
Cardiac disease 45 (19.0%)

Pulmonary disease 44 (18.6%)

Gastrointestinal/urological disease 23 (9.7%)
Bacterial infection 19 (8.0%)

Cerebral infarction/haemorrhage 20 (8.4%)

Polytrauma 8 (3.4%)
Oncological surgery 7 (3.0%)

Hypoxia 4 (1.7%)

Other 5 (2.1%)

Chronic critical illness – conditions
ICU stay ≥ 5 days 237 (100%)
Prolonged acute mechanical ventilation (≥96h) 237 (100%)

Tracheotomy 201 (84.8%)

Sepsis 137 (57.8%)
Severe wounds 47 (19.8%)

Stroke 32 (19.8%)

Traumatic brain injury 5 (2.1%)

Complications
Cardiopulmonary resuscitation) 46 (19.4%

Renal replacement therapy 83 (35.0%)

Delirium 101 (42.6%)
Severe encephalopathy 24 (10.1%)

Multiple organ failure 22 (9.3%)

Cerebral ischemia 13 (5.5%)

Critical illness polyneuropathy/myopathy (n = 204b)
Critical illness polyneuropathy/myopathy diagnosed 164 (80.4%)

Comorbidities
Diabetes (all type II) 44 (18.6%)
Elixhauser Comorbidity Index 4.8±7.1; min/max: −7/28

Preclinical status
Frailty (Clinical Frailty Scale) 22 (9,3%)

Physical activity Status (IPAQ continuous) 1188 (240–2799); min/max: 0/15540

Walking ability (FACc) 5 (5–5); min/max: 3/5

Notes: Data are presented as mean ± standard deviation, median (interquartile range, IQR), or absolute (relative [%]) 
frequency; a11 patients died before visit 2; bElectrophysiological measurement was conducted in 204 patients; 
cFunctional Ambulation Categories.
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effect sizes, ranging from g = 0.321 to g = 0.734. Exceptions were the MobMS “walking distance > 1 km” (g = 0.051) and 
“independent walking possible” (g = 0.224), which showed small effect sizes. Figure 5 illustrates the differences in achieved 
MobMS between admission to early rehabilitation and discharge from inpatient rehabilitation.

Multiple Linear Regression Analysis
After excluding missing data (CIP/CIM data in 33 participants, IPAQ data in 2 participants, and frailty data in 1 participant), 201 
cases remained for analysis. The milestone score showed slight deviations from normal distribution (W = 0.967, p < 0.001). 
However, inspection of the regression diagnostic plots indicated that the assumptions of the linear regression model were 
adequately met (Supplementary Figure 1). Using backward elimination with AIC, a significant model was identified (p < 0.001, 
Table 3), including eight predictors: cerebral lesion, CIP/CIM, sepsis, IPAQ, duration of mechanical ventilation, comorbidities, 

Figure 3 Physiotherapeutic goals. 
Notes: The chart shows which goals were set at least once during the patient’s rehabilitation.

Figure 4 Physiotherapeutic interventions. 
Notes: The chart shows which interventions were applied at least once during the patient’s rehabilitation.
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frailty, and sex (adjusted R2=10.4%). Three variables showed significant negative associations with the milestone score: cerebral 
lesion (β = –17.19; 95% CI: –31.36 to –3.02; p = 0.018), CIP/CIM (β = –12.02; 95% CI: –22.26 to –1.79; p = 0.022), and sepsis 
(β = –8.48; 95% CI: –16.79 to –0.17; p = 0.046).

Model stability analyses revealed varying robustness among predictors. Bootstrap inclusion frequencies, reflecting 
how consistently predictors were selected across bootstrap samples, showed that cerebral lesion (78.9%) and CIP/CIM 
(74.5%) were most consistently selected, indicating relatively high stability. The remaining variables had moderate 
inclusion frequencies (53.2% to 66.7%). Relative conditional bias values, representing the potential overestimation and 
instability of regression coefficients, further supported the stability of cerebral lesion (9.9%), while CIP/CIM showed 

Table 2 Physiotherapeutic Mobility Milestones

n=237

Admission 
n (%)

Discharge 
n (%)

p-value Effect Size

Sitting in wheelchair for one hour 70 (29.5%) 222 (93.7%) <0.001 0.641
Turning to both sides in bed 51 (21.5%) 198 (83.5%) <0.001 0.620

Independent transfer 22 (9.3%) 196 (82.7%) <0.001 0.734

Independent sit-to-stand 22 (9.3%) 185 (78.1%) <0.001 0.688
Walking with therapist assistance 18 (7.6%) 184 (77.6%) <0.001 0.700

Dynamic unsupported sitting 22 (9.3%) 167 (70.5%) <0.001 0.612

Sitting up on the edge of the bed (bilaterally) 31 (13.1%) 150 (63.3%) <0.001 0.502
Walking distance ≥ 270 m 3 (1.3%) 137 (57.3%) <0.001 0.565

Independent wheelchair mobility 8 (3.4%) 123 (51.9%) <0.001 0.485

Independent stair climbing 1 (0.4%) 113 (47.7%) <0.001 0.472
Walking distances on the ward level 4 (1.7%) 109 (46.0%) <0.001 0.443

Walking with assistive device 3 (1.3%) 94 (39.7%) <0.001 0.384

Dynamic unsupported standing 4 (1.7%) 80 (33.8%) <0.001 0.321
Independent walking 4 (1.7%) 57 (24.1%) <0.001 0.224

Walking distance >1 km 1 (0.4%) 13 (5.5%) <0.001 0.051

Notes: Data are presented as absolute and relative frequencies (%).

Figure 5 Physiotherapeutic MobMS. Note: Percentage distribution of patients who achieved the respective MobMS at admission (Orange) and at discharge (blue). Example: 
9% in “Standing up independently” indicates that 9% of patients had already reached this mobility level at admission to early rehabilitation.
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Table 3 Regression Analysis with Bootstrap Inclusion Frequencies and Relative Conditional Bias Values

Global Model Selected Model

β-Coefficient 95% CIa p-value β-Coefficient 95% CI p-value Bootstrap 
Inclusion 

Frequency (%)

Relative 
Conditional  

Bias (%)

Bootstrap 
Median

Bootstrap 
95% CI

(Intercept) 67.27 41.30; 93.25 0 71.22 58.52; 83.92 <0.001 100 −1.75 66.44 40.03; 94.47

Cerebral lesion (yes) −17.14 −31.81; −2.47 0.022 −17.19 −31.36; −3.02 0.018 78.9 9.92 −16.07 −31.86; 0

CIP/CIM (yes) −10.68 −21.21; −0.05 0.047 −12.02 −22.26; −1.79 0.022 74.5 23.65 −10.91 −21.44; 0

Sepsis (yes) −8.09 −16.49; 0.31 0.059 −8.48 −16.79; −0.17 0.046 66.7 23.40 −7.54 −16.02; 0

IPAQ 0.001 −0.0002; 0.002 0.102 0.001 0.0001; 0.002 0.080 62.2 39.90 0 0; 0

Duration of mechanical ventilation (days) −0.10 −0.23; 0.03 0.119 −0.11 −0.23; 0.02 0.096 62.1 42.21 −0.11 −0.24; 0

Elixhauser comorbidity score −0.50 −1.12; 0.13 0.117 −0.52 −1.11; 0.07 0.081 61.9 45.97 −0.51 −1.23; 0

Frailty (yes) −9.81 −24.23; 4.62 0.182 −11.24 −25.43; 2.95 0.120 55.8 58.73 −10.63 −24.10; 0

Sex (male) 6.36 −2.25; 14.96 0.147 6.03 −2.50; 14.57 0.165 53.2 51.37 6.23 0; 15.20

Diabetes (yes) −5.85 −16.12; 4.41 0.262 48.5 91.97 0 −18.06; 0

Frequency of physiotherapy interventions per week 0.77 −1.02; 2.56 0.396 34.0 130.60 0 0; 2.71

COVID-19 (yes) 0.32 −9.46; 10.09 0.949 21.7 952.80 0 −9.28; 10.79

Age (years) −0.01 −0.33; 0.30 0.930 17.2 240.92 0 −0.31; 0.28

R2 0.149 0.140

Adjusted R2 0.094 0.104

Residual stand. error 28.13 (dfb=188) 27.99 (df=192)

F-statistic 2.74 (df=12; 188); p=0.002 3.90 (df=8; 192); p<0.001

AIC 1926,4 1920.6

Notes: the bootstrap median is zero if a variable was selected in <50% of the resampling iterations; significant values are shown in bold; a95% confidence interval; bdegrees of freedom.
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moderate bias (23.7%). Other predictors particularly sex (50.4%) and frailty (58.7%) demonstrated higher bias values, 
suggesting less stable associations.

Cerebral lesion, CIP/CIM, and sepsis consistently appeared in the ten most frequently selected models in the bootstrap 
analyses, supporting the relevance of these associations (Supplementary Table 2). The variables comorbidities, frailty, and sex 
appeared in six models each, further increasing the uncertainty associated with these variables. After applying shrinkage 
factors (global shrinkage = 0.733, Parameterwise shrinkage factors in Supplementary Table 3), the associations remained: 
cerebral lesion (shrunk β = –12.03), CIP/CIM (shrunk β = –10.22), as well as sepsis (shrunk β = –5.77). Multicollinearity was 
not a concern (VIF: 1.04 to 1.16), and homoscedasticity assumptions were met (ncv test: p = 0.708).

These findings suggest that cerebral lesion, CIP/CIM, and sepsis were the most consistent factors associated with 
lower milestone scores. The associations of IPAQ and duration of mechanical ventilation were of moderate strength. In 
contrast, frailty, sex, and comorbidities showed weaker and inconsistent associations with mobility outcomes.

Discussion
In this study, we described physiotherapeutic interventions and goals as well as the achievement of MobMS in a population of 
survivors of CCI. The descriptive analysis revealed that most physiotherapeutic interventions focused on active approaches. 
While all MobMS improved significantly during the course of rehabilitation, relevant limitations persisted at discharge, 
emphasizing the ongoing rehabilitation needs of this patient population. Furthermore, as trajectories of functional recovery 
and milestone attainment varied considerably between patients, we explored the impact of sociodemographic, health-related, 
and (pre-)clinical factors on functional recovery. The regression analysis revealed that lower milestone scores were sig
nificantly associated with cerebral lesion, CIP/CIM, and sepsis; however, these associations should be interpreted within the 
exploratory context of the analyses. The predominance of early and active physiotherapeutic approaches in our cohort aligns 
with previous research, which recommend active rather than passive therapy, with task-specific and function-oriented 
elements as key components in early neurorehabilitation.16,18,36 However, further research is needed to evaluate the 
comparative effectiveness of specific physiotherapeutic interventions on functional outcomes. To date, no studies have 
systematically characterized specific physiotherapeutic goals in the context of CCI.

The significant factors associated with lower milestone scores in our analysis are consistent with findings from previous 
studies. Cerebral lesions are a leading cause of physical disability and often result in long-term mobility limitations.37,38 

Alongside sensorimotor deficits, approximately one third of stroke patients exhibit additional cognitive impairments at the 
onset of rehabilitation, which can adversely affect functional recovery.39 It has been shown that intensive, high-repetition, 
task-oriented, and task-specific training can stimulate neuroplastic processes and facilitate motor learning across all phases of 
post-stroke rehabilitation.40,41 Similarly, patients with ICUAW show persistently reduced mobility and lower physical 
functioning after ICU discharge.42,43 In our previous study investigating balance function in critical illness survivors, the 
presence of CIP/CIM as well as cerebral disease was likewise associated with poorer balance performance reflected by lower 
Mini-BESTest scores.44 These findings are in line with the present results demonstrating lower milestone scores in patients 
with CIP/CIM and cerebral lesions. Early ICU mobilization tailored to the individual patient’s needs, when implemented 
through structured and progressively intensified mobilization protocols represents a key therapeutic approach in CIP/CIM and 
can effectively improve muscle strength.45,46 Sepsis has likewise been linked to a decline in physical function and muscle 
strength47,48 and is considered one of the major risk factors for the development of CIP/CIM.8,49 Previous studies suggest that 
sepsis-related microcirculatory disturbances and tissue hypoxia may contribute to the development of neuromuscular 
complications such as CIP/CIM.50–52 In the present study, both sepsis and CIP/CIM were significantly associated with 
lower milestone scores, indicating a possible pathophysiological overlap between these variables. However, the statistical 
analyses showed no indication of relevant multicollinearity, suggesting that sepsis and CIP/CIM reflect partly distinct 
mechanisms contributing to impaired functional recovery. Early physiotherapy in patients with sepsis is safe to implement 
and supports the preservation of muscle mass and function.53 Following sepsis, interdisciplinary early rehabilitation leads to 
significant improvements in mobility and self-care ability and is therefore a key prerequisite for successful further 
rehabilitation.54 Other factors such as lower preclinical physical activity, multiple comorbidities, longer duration of mechan
ical ventilation, preclinical frailty, and female sex also showed associations with lower milestone scores. However, model 
stability analyses indicated uncertainties regarding the strength of these associations. Future studies should further investigate 
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these influencing factors. To our knowledge, no studies have examined the impact of preclinical activity status on functional 
rehabilitation in patients with or after CCI. Regarding preclinical comorbidities and sex, previous studies have reported 
inconsistent findings concerning the disease and rehabilitation course.55–60 In the literature, prolonged mechanical ventilation 
has been associated with skeletal muscle atrophy, muscle weakness, and poorer functional status at hospital discharge.61,62 

Several studies have also shown that a lower preclinical frailty severity is associated with better functional mobility during and 
after hospitalization.63,64 Interestingly, the frequency of physiotherapy interventions per week was not significantly associated 
with the milestone score. However, this variable reflected only the frequency of physiotherapy sessions and did not capture 
specific therapeutic content or actual therapeutic intensity, which may have limited its explanatory value.

Strengths and Limitations
One strength of this study is the cumulative approach of the MobMS and the derived milestone score. This approach 
allows for the depiction of non-linear trajectories of functional recovery, capturing both progression and regression in 
mobility performance. By considering all achieved and non-achieved milestones rather than only the highest one, it was 
intended to provide a more comprehensive and realistic representation of the rehabilitation process, which often deviates 
from a strictly linear course. Furthermore, backward elimination with AIC as the stopping rule was applied instead of 
predefined significance levels, following the recommendations of Heinze et al34 This procedure was implemented to 
support data-driven model selection and to reduce the risk of overfitting. In addition, post-estimation shrinkage methods 
and model stability analyses were performed to assess potential bias and model stability. These approaches were intended 
to address common limitations of traditional variable selection methods, such as biased regression coefficients and overly 
narrow confidence intervals.65,66 Nevertheless, these approaches cannot fully compensate for limitations related to the 
exploratory cumulative milestone score and the use of backward elimination for variable selection. A major strength is 
the application of electrophysiological testing for the diagnosis of CIP/CIM, representing the current gold standard.11 

This is particularly noteworthy, as national survey data from German ICUs indicate that standardized diagnostic 
approaches for CIP/CIM are still rarely implemented. Only a small proportion of ICUs routinely perform electrophy
siological testing, despite its recognition as the diagnostic gold standard.67 Finally, the sample size of 237 patients after 
CCI represents an additional strength, providing a robust data basis and enhancing the generalizability of the findings.

As this study was a secondary data analysis based on routine clinical physiotherapy documentation collected during 
physiotherapeutic team meetings, no formal assessment of inter-rater reliability was performed. Although documentation 
followed structured clinical procedures within the rehabilitation setting, variability between therapists in the assessment and 
documentation of physiotherapeutic goals, interventions, and MobMS cannot be excluded. In addition, the manual transfer of 
physiotherapy-related data from the hospital information system to the Access database may have represented a potential 
source of data entry errors. Moreover, the monocentric study design may limit the generalizability of the findings, particularly 
with regard to physiotherapeutic interventions that may reflect center-specific rehabilitation concepts and clinical routines. 
Generalizability may be further limited by the high severity of illness within the study population. Compared with other 
studies investigating CCI,68 our patients had longer ICU stays and ventilation durations, which may limit transferability to 
less severely affected CCI populations. The exclusion of patients with impaired communication or cognitive deficits may also 
have introduced selection bias and further limited the representativeness of the cohort in relation to the broader CCI 
population. A further limitation of this study is that both the applied milestone hierarchy and the calculation of the cumulative 
milestone score have an exploratory character and were applied in this form for the first time in a study. To date, no formal 
psychometric validation has been performed, and the psychometric properties of the score have therefore not been system
atically investigated. In addition, the cumulative milestone score represents an ordinal rather than a truly interval-scaled 
variable. However, the relatively high number of MobMS categories (15 levels) may support a metric approximation of the 
score, and no major violations of the regression model assumptions were observed. This may support the application of 
multiple linear regression. Furthermore, the model explained only a limited proportion of the variance in the milestone score 
(adjusted R2 = 10.4 %), indicating that additional, yet unconsidered, cognitive, psychosocial, nutritional and motivational 
factors may contribute to functional recovery. However, high R2 values are often not realistic in clinical medicine due to the 
multitude of genetic, environmental, and behavioral factors influencing patient outcomes.69 Consequently, due to the 
exploratory nature of the cumulative milestone score, the ordinal structure of the outcome variable, and the limited 
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explanatory power of the model, the results of the regression analyses should be interpreted with caution. In addition, the 
exclusion of cases due to missing data may have affected the robustness of the regression analyses and introduced additional 
selection bias. Finally, the observational design precludes causal inferences regarding the effectiveness of specific phy
siotherapeutic interventions. Future randomized controlled trials should evaluate the effectiveness of the most frequently 
applied therapeutic approaches identified in this cohort.

Conclusions
The descriptive analyses showed that physiotherapeutic rehabilitation after CCI was predominantly based on active, task- 
oriented interventions and that mobility-related functional improvements occurred during rehabilitation. Nevertheless, sub
stantial mobility limitations persisted in many patients at discharge from inpatient rehabilitation. Furthermore, cerebral lesion, 
CIP/CIM, and sepsis were associated with lower milestone scores in this exploratory analysis. However, further research is 
needed to validate the cumulative milestone score and to further investigate rehabilitation trajectories and influencing factors in 
this patient population Given the rising incidence of CCI and the associated strain on healthcare systems, this study contributes 
to a better understanding of functional recovery, influencing factors, and physiotherapeutic interventions after CCI.
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