
1

Key Words: COVID-19; infection control; quality management; risk management; system analysis

INTRODUCTION

The SARS-CoV-2 virus, which causes coronavirus dis-
ease 2019 (COVID-19), has affected more than 600 million 
people.1) Because of its high infectivity, healthcare facilities 
are required to treat patients with COVID-19 separately from 
other patients, and healthcare workers must wear personal 
protective equipment (PPE) to reduce the risk of infection. 

Although more than 60% of COVID-19 cases are considered 
mild,2) some cases are very severe and require ventilatory 
management and extracorporeal membrane oxygenation. In 
such severe cases, the use of sedation to prevent lung injury3) 
associated with spontaneous breathing and the effects of im-
mobility have been found to reduce systemic skeletal muscle 
function4) and cognitive function5) in approximately 80% of 
patients. These functional declines have been reported previ-
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Objectives: Coronavirus infection 2019 (COVID-19) is an indication for rehabilitation medicine, 
especially in severe cases. However, there has been no system analysis of safe and continuous 
provision of medical rehabilitation for COVID-19 patients. The aim of this study was to confirm 
the effectiveness of rehabilitation for severe COVID-19 and to analyze the optimization of the 
medical rehabilitation system using the Functional Resonance Analysis Method (FRAM). Meth-
ods: The subject of the analysis was the medical rehabilitation system itself, which had been 
implemented by the Rehabilitation Center of our hospital in response to the increased number 
of COVID-19 patients. In the FRAM analysis, Functions were identified, and their relationships 
were examined. Functions were established using a hierarchical cross-check by the authors. Pa-
tient outcomes resulting from optimization of the rehabilitation system were length of hospital 
stay, patient independence in daily living, and rehabilitation-related medical costs, and these were 
statistically validated. Results: In repeated optimizations of the rehabilitation system, the main 
issues were “handling of infected patients and isolation of usual clinical practice,” “staff rotation,” 
and “remote consultation”. The modification of the medical rehabilitation system was associated 
with shorter hospital stays, shorter periods of time without prescription, faster improvement in 
independence of daily living, and lower rehabilitation-related medical costs. Conclusions: Opti-
mization at each stage of medical rehabilitation resulted in positive effects on patient outcomes. 
FRAM is useful for identifying and the optimization of key functions.
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ously as intensive care unit-acquired weakness,6) indicating 
the need for early physical therapy and medical rehabilitation 
in the intensive care unit.7)

Our long-term acute care hospital provides emergency and 
acute care in a region with a population of 1.7 million people. 
Beginning in March 2020,8) only patients with COVID-19 
who were critically ill or had the potential to become criti-
cally ill were admitted and provided with medical care, and, 
for their reduced physical mobility, medical rehabilitation 
has been provided since May 2020. Rehabilitation special-
ists such as physical therapists, occupational therapists, 
and speech/language/hearing therapists provide exercise 
training, assist in the practice of basic movements and daily 
living, and, in some cases, unmasking and various oral and 
pharyngeal motor assessments. Although the rehabilitation 
professionals wear PPE when treating patients with COV-
ID-19, the combination of the infectivity of the virus and the 
contact density (a concept combining contact time, distance, 
and aerosol exposure) between the rehabilitation special-
ists and the patient may increase the risk of infection for 
the therapist.9) Although some reports recommend specific 
PPE, protection against the high infectivity of newly emerg-
ing strains, the proximity of therapist and patient, and the 
contact time between them have not been demonstrated.10,11) 
In addition, there has been no verification of the ability of 
medical rehabilitation practices to ensure the safety of patient 
independence in daily living or its economic sustainability.

The Functional Resonance Analysis Method (FRAM)12) 
is a systems analysis method that has been developed and 
applied in medicine to analyze the occurrence of accidents 
and solve clinical problems,13) including those that have risen 
during the COVID-19 pandemic.14) During the spread of 
SARS-CoV-2 virus infection, we implemented optimal sys-
tem modifications for several variables (number of patients, 
severity of illness, SARS-CoV-2 virus infection potential, 
staff health status). As a result, some patient outcomes and 
staff adaptations were observed. However, there has not been 
sufficient analysis of the disadvantages and advantages of the 
system optimization with repeated modifications. We con-
sidered that FRAM would be useful for the analysis of our 
system of safe rehabilitation medicine with a high density of 
patient contact.

The purpose of this study was to identify ways to opti-
mize medical rehabilitation during a period of increased 
COVID-19 cases using FRAM and to help prepare for future 
expansion of the infection. The aim of this study was to con-
firm the effectiveness of rehabilitation for severe COVID-19 
and to analyze the optimization of our medical rehabilitation 

system that led to this effectiveness.

MATERIALS AND METHODS

This retrospective observational study was approved by the 
Ethics Committee of Hyogo Medical University (registration 
number 3866) and was described according to the SQIURE 
(Standards for Quality Improvement Reporting Excellence) 
2.0 checklist.15) The Rehabilitation Department consisted of 
5 rehabilitation physicians, 4 residents, 36 physical thera-
pists, 14 occupational therapists, 7 speech therapists, and 
1 support worker. During the analysis process, physicians 
in the Department of Medical Safety and Quality Control 
provided guidance on methods of analysis and validation.

Retrospective FRAM Model Construction
The FRAM model was constructed according to the pro-

cedure described by Hollnagel,16) as follows: 1) identification 
and description of Functions by hierarchical task analysis, 
2) identification and description of aspects of Functions, 
3) creation of a coupled model between Functions, and 4) 
system analysis based on FRAM. Hierarchical task analysis 
was performed according to the following procedures: 1) 
description of tasks actually performed during usual medi-
cal rehabilitation from referral of patients to consultation 
by rehabilitation doctors, 2) description of tasks actually 
performed during therapy implementation, 3) description of 
tasks related to assignment to dedicated beds and modified 
consultation procedures for COVID-19 cases, and 4) tasks 
related to the established and modified dedicated therapist 
system. The functions were described by the following 
procedures to verify objectivity and validity: 1) author N.S. 
described the above Functions, 2) co-authors A.Y., Y.M. 
(physical therapist), Y.U. (rehabilitation doctor) checked the 
validity of the described Functions and sent them back to 
N.S., 3) N.S. revised and re-created the Functions, 4) steps 2 
and 3 were repeated, and 5) co-author K.T. (a medical quality 
control specialist) checked the validity of the Functions.

Participants and Data Collection
Eligible patients were COVID-19 patients who under-

went rehabilitation between May 2020 and June 2022. To 
understand the characteristics of the patients, the following 
medical record data were extracted: age, sex, height, Body 
Mass Index (BMI), disease severity indices, period of hos-
pitalization, unprescribed periods of medical rehabilitation, 
and rehabilitation-related medical expenses. Measurements 
of the Functional Independence Measure (FIM),17) which 
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is an index of independence in the activities of daily living 
(ADLs), were performed at beginning of rehabilitation and at 
discharge from hospital. FIM was used as the outcome mea-
sure of the rehabilitation intervention. Disease severity was 
rated in terms of the Acute Physiology and Chronic Health 
Evaluation (APACHE) II score,18) the Sequential Organ Fail-
ure Assessment (SOFA) score,19) and the quick COVID-19 
Severity Index (qCSI).20)

Data accuracy was ensured by using the following pro-
tocols. The authors were not involved in the measurements 
of BMI or severity index and did not have the authority to 
determine the date of admission or discharge of the patients. 
The assessors of the FIM were included as co-authors, but 
the first author was not involved in the assessment and the 
co-authors were not involved in the statistical analysis.

Rehabilitation Treatment
COVID-19 patients with severe disease or at risk of severe 

disease were admitted to our hospital. The main rehabilita-
tion prescriptions included respiratory physiotherapy, train-
ing on the bed, mobilization, training in ADLs, and screen-
ing evaluation of swallowing function. Patients who met the 
criteria21) for intubated ventilation were actively treated in 
the supine position along with ventilatory management.21) 
In the bed-bound phase, strength training was performed 
using weights, elastic bands, and manual resistance. When 
the patient was able to get out of bed, mobilization was 
performed as much as possible with care taken to avoid 
exercise-induced hypoxemia.22) Mobilization included roll-
ing, sitting up, sitting, standing up, standing, marching, 
transfer to a wheelchair, gait with various aids, and free gait 
in stages.8) Muscle strength training after reacquisition of 
standing was combined with training that used body weight, 
such as squats and calf raising.

Statistical Analysis
Differences in patient variables for each period of time 

were examined for the modified rehabilitation systems. One-
way analysis of variance and Tukey’s post hoc test were used 
to assess differences in age, BMI, hospitalization period, 
unprescribed rehabilitation periods, rehabilitation-related 
medical expenses (RME), and RME relative to rehabilitation 
period. The Kruskal-Wallis test was used to assess ordinal 
scale parameters such as APACHE II score, SOFA score, 
qCSI, and FIM. If significant difference was observed in the 
Kruskal-Wallis test, a Mann-Whitney test was performed for 
the two identified parameters. For FIM analysis, the Wilcox-
on signed rank test was used for pre- and post-rehabilitation 

comparisons. The gender and discharge outcomes were as-
sessed by the chi-square test. In considering discharge out-
comes, because there were three possible outcomes (home, 
transfer, or death), a chi-square test was performed in a 3×3 
contingency table. If a significant difference was identified, a 
further chi-square test was performed in a 2×2 contingency 
table. Statistical significance was set at P<0.05.

RESULTS

FRAM Model Construction
The hierarchical task analysis was modified seven times 

after its initial creation. The list of set for the initial through 
to the seventh revision, a total of eight patterns, is shown in 
Table 1 (the phases listed in Table 1 are explained below). 
Table 1 also shows a summary of what was considered in 
setting the Functions. After the third development in Table 
1, discussions were held to revise the system characteristics 
that should be set as Function. As a result, Function were 
selected by focusing on “actual patient treatment” and “ac-
tual rehabilitation medical systems” and the fourth revision 
was proposed. Furthermore, changes in hospital beds caused 
by the spread of infection and changes in the rehabilitation 
system because of the increase in patients were incorporated 
as Functions, and final agreement on the description of func-
tions was reached in the eighth draft revision. In the course 
of this discussion, the validity of the input, output, resource, 
time, precondition, and control aspects of each function were 
also examined. In this process, even if the same Function 
was used, if there was a change in the description of the as-
pect, the Function was set as “modified.” In addition, “viral 
characteristics,” which are not medical treatments, were con-
sidered the important in establishing the COVID-19 system 
and were incorporated as a function. In this pandemic, viral 
characteristics were agreed on as a Function because “viral 
characteristics” are not “fixed and constant” but are diverse 
and variable, and aspects such as susceptibility to infection 
and severity of illness change irregularly, and these changes 
affect the entire system.

The eighth and final Functions and aspects are described 
in Table 2. The connections between the functions listed in 
Table 2 are shown in Figs. 1 and 2. F1 to F6 show the usual 
medical rehabilitation system. The acceptance of COVID-19 
cases in parallel with this regular system was set as F7, F8, 
and F9. This setup was established to accept a maximum 
of four patients from the start of rehabilitation for the first 
COVID-19 case. One rehabilitation therapist was selected to 
provide rehabilitation to the patients. Next, the number of 
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beds for COVID-19 patients was increased to six, with two 
therapists in charge, because all four beds were continuously 
occupied, and the conditions of patients remained severe. In 
Table 2 and Fig. 2, these elements are presented as F8m, F10, 
and F11. Furthermore, the emergence of mutant strains of the 
virus was confirmed, and the number of cases in the medical 
area increased. In light of this situation, the number of beds 
dedicated to COVID-19 was increased to 18. The number 
of rehabilitation patients also increased, necessitating the es-
tablishment of a sustainable system. Because the number of 
rehabilitation doctors on staff was limited, remote consulta-
tion was introduced to avoid the risk of cross-infection. The 
risk of cross-infection was a concern because rehabilitation 
therapists must spend a lot of time with patients. Therefore, 
after approximately 3 weeks of responsibility for COVID-19 
cases, the staff were placed on home leave for 5 days, and 
a system was set up to perform polymerase chain reaction 
(PCR) testing. After a negative test was confirmed, the staff 
member was returned to work in a general hospital ward. 
Table 2 shows these system modifications as F10m and F12.

The COVID-19 clinic system has become permanent. The 
use of periodic home stays and PCR testing were terminated 
after repeated negative PCR tests continued to show negative 
results and the routine use of PPE by rehabilitation profes-
sionals was found to be effective. As the number of infected 
patients increased, the rate of cross-infection of patients in 
the hospital increased rapidly, leading to the establishment 
of a new ward as a COVID-19 receiving ward to accommo-
date the patients. Examination by rehabilitation doctors and 
rehabilitation by a specialist were also modified and set as 
F10m and F12m. As described above, the functional settings 
were modified in accordance with the viral characteristics 
of COVID-19, the increase in the number of patients in the 
region, and hospital readiness. These changes were linked to 
the number of infected patients in Japan and were made in 
accordance with the time of year.

The period when each function was established was di-
vided into phases (Table 1): Phase I: F7, F8, F9 setup period 
(May 6–July 31, 2020); Phase II: F8m, F10, F11 setup period 
(August 1–December 10, 2020); Phase III: F12 setup period 
(December 11, 2020–September 30, 2021); Phase IV: F10m, 
F12m setup period (October 1, 2021–June 30, 2022). Figure 
3 shows the number of patients infected during each period, 
the number of infected patients in Japan, and the cumulative 
number of COVID-19 rehabilitated patients at our institution.
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Fig. 1. FRAM model constructed based on functional linkages in Table 2. F, function; I, input; T, time; C, control; O, 
output; R, resources; P, preconditions.

Fig. 2. Revised FRAM model constructed based on functional linkages in Table 2. F, function; I, input; T, time; C, control; 
O, output; R, resources; P, preconditions; m, modified. Line color corresponds to phases in Table 2. Blue, Phase I; green, 
Phase II; red, Phase III; purple, Phase IV.
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Patient Characteristics, Rehabilitation-related 
Healthcare Costs, and Functional Indepen-
dence in Each Phase

Between May 2020 and June 2022, 140 patients prescribed 
with COVID-19 medical rehabilitation were admitted, and 
139 patients underwent medical rehabilitation at the Re-
habilitation Center of Hyogo Medical University Hospital. 
One patient was transferred to another hospital before our 
intervention. Of these 139 cases, the cases of 2 patients aged 
under 18 years and that of a continuously hospitalized patient 
were excluded. Of the remaining 136 patients to be analyzed, 
the number of patients in each of Phases I to IV was 1, 16, 
97, and 22, respectively. Outcomes in Tables 3 and 4 show 
comparisons between the three groups: Phase I and II pa-
tients (n=17) combined, Phase III patients (n=97), and Phase 
IV patients (n=22).

The duration of hospitalization and the periods of unpre-
scribed rehabilitation were significantly shorter in Phases III 
and IV than in Phases I and II. Patient severity was similar 
or slightly worse in each period. The transfer discharge out-
come was significantly higher in Phase III than in Phases I, 
II, and IV. Mortality showed no difference between phases 
(Table 3).

The FIM score was used to represent the rehabilitation 
outcome (Table 4). Because the FIM score data for 13 pa-
tients were missing, 126 patients were analyzed after exclu-
sion of these patients. Higher scores were observed in the 
post-rehabilitation motor FIM and total FIM in each phase 
compared with pre-rehabilitation scores. The cognitive FIM 
scores in Phases III and IV were significantly higher than 

those in Phases I and II. The accumulation of these factors 
resulted in a decrease in rehabilitation-related medical ex-
penses (Table 3).

DISCUSSION

This study analyzed the use of FRAM to optimize medi-
cal rehabilitation in an environment of increased numbers 
of COVID-19 patients and examined the effectiveness of 
rehabilitation optimization for severe COVID-19. The results 
confirmed that the optimization of the system in response 
to the spread of infection resulted in shorter hospital stays, 
earlier initiation of rehabilitation, maintenance of ADLs, and 
reduction of rehabilitation-related medical costs. In relation 
to rehabilitation treatment in medical settings under the cir-
cumstances of the COVID-19 pandemic, to our knowledge, 
this is the first report of a FRAM analysis of a treatment 
system.

Medical systems are complex, diverse, multi-scale systems 
that encompass hierarchical and non-hierarchical struc-
tures.12) In such healthcare systems, rehabilitation medicine 
encompasses multiple diseases and disabilities, involves mul-
tiple departments and professions, and is established by the 
assembly of individuals, professional fields, medical teams, 
and related departments in a hierarchical or parallel man-
ner.12) Furthermore, the system of rehabilitation medicine 
is also a component of a larger organization or structure.12) 
The COVID-19 pandemic required adaptation in these 
nested, distributed, parallel, and hierarchical structures, 
whether large or small. FRAM13) was developed to analyze 
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Fig. 3. Temporal relationships among each phase, daily number of infected patients in Japan (gray dots, right vertical axis), 
and cumulative number of medical rehabilitation patients in our institution (black line, left vertical axis).
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systems that exhibit complex structure and behavior, and its 
principles include the equivalence of failures and successes, 
the approximate adjustments, emergence, and resonance.12) 
The various measures we have implemented in expansion of 
the COVID-19 rehabilitation system have had uncertain suc-
cess or failure from time to time. Outcomes obtained in this 
way are considered emergent outcomes rather than planned 
events. For these reasons, we considered FRAM appropri-
ate for analyzing the system optimization of rehabilitation 
medicine implemented under the COVID-19 expansion.

The practice of FRAM revealed several characteristics in 
the optimization of the COVID-19 rehabilitation system. The 
first measure was the respective separation of general care, 
treatment of infected patients, and staff. The main task re-
quired to avoid droplet infection is to minimize exposure,23) 
and it can be inferred that the basic policy of this counter-
measure was appropriate. The second identified measure 
was staff rotation and remote consultation of rehabilitation 
physicians. A previous study24) reported that clear strategies 
for appropriately managing healthcare workers include risk 
stratification, appropriate clinical monitoring, access to low-
threshold diagnostic procedures, and decision making about 
removal from and return to work. Another report25) has de-
scribed the effectiveness of organizational coordination, staff 
classification, and personalized services for rehabilitation 
services in COVID-19. The Functions such as staff rotation 
and remote consultation that were presented in this study as a 
result of FRAM correspond to these elements. Therefore, the 
measures we have taken from time to time can be considered 
to have been appropriate.

The analysis clearly indicated that rehabilitation therapists 
need a high level of infection protection because of the in-
evitability of direct and prolonged contact with patients. In 
addition, they also need training in how to deal with aerosol-
generating situations such as coughing and huffing.

Within FRAM, a Function is defined “the means necessary 
to achieve a goal.”26) According to this definition, the viral 
characteristics of SARS-CoV-2 (F7) are ineligible and may 
have to be indicated as preconditions for F1. However, at any 
time, the characteristics of the SARS-CoV-2 virus itself are 
changing, and the susceptibility to infection and the organ 
damage associated with infection are mixed. Therefore, in 
this report, viral characteristics were defined as a Function 
to indicate two variables (infectivity and organ damage) as a 
control. However, there are cases where these characteristics 
themselves, such as infectivity, organ damage potential, and 
other unknown characteristics, are variable and may need to 
be shown as individual Functions.

The system incorporates medical doctors, nurses, and 
therapists as Functions. However, it may be more appropri-
ate to treat these human factors as Resources in the system, 
because many professions are involved in healthcare.27) The 
duties of each profession are strictly defined according to the 
respective laws and regulations. This definition is the exper-
tise allowed to each profession, and the preceding placement 
of the profession is essential in the medical treatment per-
formed. Therefore, each profession is positioned as a Func-
tion that generates output for subsequent medical treatment. 
Therefore, in this study, each profession was analyzed as a 
Function.

12 Sasanuma N, et al: FRAM Optimization of COVID-19 Rehabilitation System

Table 3. Patient characteristics and socio-economic outcome

Characteristic Phase I, II Phase III Phase IV
Age (years) 69.9 ± 11.9 62.1 ± 12.4 68.5 ± 18.7
Male/female (n) 14 /3 67 /30 17 /5
BMI (kg/m2) 23.3 ± 4.1 25.6 ± 5.3 21.9 ± 5.9 ††
APACHE II score 16 (13–20) 13 (10–17) ** 16.5 (14–25.5) †
SOFA score 3 (2–5) 3 (2–5) 3 (2–7.5)
qCSI 6 (5–8) 6 (5–7) 7 (5–7)
Hospitalization period (days) 59.5 ± 67.7 19.8 ± 24.6 ** 25.6 ± 13.5 **
Unprescribed periods (days) 13.1 ± 9.0 1.3 ± 1.3 ** 3.2 ± 3.2 **
RME (JPY) 236,235.3 ± 311,826.5 61,773.2 ± 56,406.0 ** 55,693.2 ± 42,774.9 **
RME/rehabilitation periods (JPY/day) 4594.2 ± 2107.0 4151.4 ± 1723.1 2821.3 ± 1187.8 **, ††
Home/transfer/death (n) 7/7/3 12/67/18 ** 8/9/5 ††
Home/transfer/death (%) (41.2/41.2/17.6) (12.4/69.1/18.6) ** (34.8/39.1/21.7) ††
Data given as mean ± standard deviation, number, or median score (interquartile range).
* P<0.05 vs. Phase I, II; ** P<0.01 vs. Phase I, II; † P<0.05 vs. Phase III; †† P<0.01 vs. Phase IV
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The F12m system was established as a more permanent 
system, and periodic PCR testing of full-time therapists was 
suspended because no full-time therapists were infected 
with SARS-CoV-2 during the 540 person-days of interven-
tion in the COVID-19 beds. Therefore, the PCR-negative 
results of 540 person-days and the test results of 27 full-time 
therapists were used as the basis for the suspension of routine 
PCR testing. However, it is difficult to interpret whether the 
suspension of routine testing was justified. Prior studies have 
reported a risk aversion rate of over 95% (26 negative results 
out of 27 PCR tests) for COVID-19 infection by PPE,28) 
whereas the test results in this study were negative (100%) on 
27 occasions. These results suggest that the routine wearing 
of PPE by each therapist was adequate and our response was 
appropriate.

No difference was observed between phases for the 
comorbidity score or COVID-19 severity scores, but the 
APACHE-II score was significantly lower in Phase III. This 
period was the longest of all periods, and the large number 
of patients included in the study suggests that many of the 
patients may have had mild symptoms. It is possible that the 
hospitalization period was associated with mild symptoms. 
In particular, there was a significant reduction in the length 
of hospitalization and the time to start rehabilitation. The 
rotation of rehabilitation professions indicated in F12 has 
enabled a sustainable rehabilitation system to be established, 
and rehabilitation treatment can be started promptly after 
admission.

In Phases I and II, the facility could not cope with the 
increase in the number of patients, and interventions were 
made only after progression in the decline of physical motor 
function. However, from Phase III onward, rapid interven-
tions were possible. This may have led to better outcomes in 
a shorter period by reducing the decline in ADL, especially 
in cognitive function, at the time of intervention, while pa-
tient severity remained unchanged. The reduction in length 
of hospital stay and the suppression and improvement of 
ADL decline in the hospital may have resulted in a decrease 
in rehabilitation-related medical costs.

This study has several limitations. In this study, we set each 
Function of FRAM based on actual actions by hierarchical 
cross-checking. However, the model may lack reproducibil-
ity and universality because of the high degree of freedom in 
setting and describing each Function. In addition, the range 
of each Function acting on the entire system is infinitely 
wide and can be infinitely subdivided, making it essential 
to verify the validity of the breadth and narrowness of the 
descriptions in this report.
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In creating the FRAM model, Functions were set based 
on actual procedures. However, there are “imagined actions” 
and “assumed troubles” behind some actions and counter-
measure practices. Although these actions are not actually 
performed, they are one of the elements of system variation 
and are described as “work-as-imagined” (WAI).29) The 
analysis of this WAI is an issue for future studies.

Although we have attempted to formulate the Functions 
in a prospective manner, the analysis of disturbances that 
occur suddenly and without warning must be performed 
retrospectively. In the present study, we performed a retro-
spective analysis, whereas a previous study30) with FRAM 
was conducted as a prospective study. In the future, it will be 
important to verify the usefulness of FRAM from a predic-
tive perspective in our study.

CONCLUSION

A retrospective analysis with FRAM confirmed that opti-
mization of the system in response to the spread of infection, 
as implemented from time to time, resulted in shorter hospi-
tal stays, earlier initiation of rehabilitation, maintenance of 
ADLs, and reduction of medical costs. The results suggest 
that FRAM is useful for retrospective analysis of changes 
in the rehabilitation healthcare system, which may change 
over time.
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