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ARTICLE INFO ABSTRACT

Keywords: As COVID-19 spread across Brazil, it quickly reached remote regions including Amazon’s ultra-peripheral lo-
FRAM cations where patient transportation through rivers is added to the list of obstacles to overcome. This article
Mobile emergency care analyses the pandemic’s effects in the access of riverine communities to the prehospital emergency healthcare
Risk assessment . s . . . . i1
Resilience engineering systc'::m 11'1' the Brazilian U.pper Amazon' River reg1on'. T? do so, we pres.ePt two st'udles that by using ? Resﬂler?ce
Safety management Engineering approach aimed to predict the functioning of the Brazilian Mobile Emergency Medical Service
(SAMU) for riverside and coastal areas during the COVID-19 pandemic, based on the normal system functioning.
Study I, carried out before the pandemic, applied ethnographic methods for data collection and the Functional
Resonance Analysis Method - FRAM for data analysis in order to develop a model of the mobile emergency care
in the region during typical conditions of operation. Study II then estimated how changes in variability dynamics
would alter system functioning during the pandemic, arriving at three trends that could lead the service to
collapse. Finally, the accuracy of predictions is discussed after the pandemic first peaked in the region.
Findings reveal that relatively small changes in variability dynamics can deliver strong implications to
operating care and safety of expeditions aboard water ambulances. Also, important elements that add to the
resilient capabilities of the system are extra-organizational, and thus during the pandemic safety became jeop-
ardized as informal support networks grew fragile. Using FRAM for modelling regular operation enabled pro-
spective scenario analysis that accurately predicted disruptions in providing emergency care to riverine
population.

1. Introduction organization and emergent behaviour in variability (Vicente, 1999;

Hollnagel, 2012; Leveson, 2017). There is thus a need to develop ap-

Prospective and retrospective analyses in safety management have
been an important area of ergonomics & human factors research and
applications. Within this scope, prospective risk assessment methods
proactively identify risks that could hamper safety and performance.

While traditional risk assessment approaches require linearization,
modern complex systems pose unique challenges for safety manage-
ment, such as ever-growing interdependence between components, self-

proaches that can be used for complex systems, such as healthcare and
others, which are dynamic, incompletely described, and therefore
underspecified (Rosa et al., 2015). However, while a systems thinking
perspective has been extensively applied in the literature to understand
the cause of adverse events (Hulme et al., 2019), the development and
application of systems thinking-based risk assessment has received
relatively little attention (Dallat et al., 2019).

* Corresponding author. Oswaldo Cruz Foundation — FIOCRUZ, Av. Brasil, 4036/10° Andar, Prédio da Expansao, Manguinhos, 21040-361, Rio de Janeiro, Brazil.
E-mail addresses: rodrigoarcuri@poli.ufrj.br (R. Arcuri), hugo.bellas@fiocruz.br (H.C. Bellas), denise.sf@ufrj.br (D.S. Ferreira), barbara.andrade@fiocruz.br
(B. Bulhoes), mvidal@ergonomia.ufrj.br (M.C.R. Vidal), paulov@ien.gov.br (P.V.R. Carvalho), alessandro.jatoba@fiocruz.br (A. Jatoba), hollnagel.erik@gmail.

com (E. Hollnagel).

https://doi.org/10.1016/j.apergo.2021.103632

Received 2 March 2021; Received in revised form 20 October 2021; Accepted 24 October 2021

Available online 30 October 2021
0003-6870/© 2021 Elsevier Ltd. All rights reserved.


mailto:rodrigoarcuri@poli.ufrj.br
mailto:hugo.bellas@fiocruz.br
mailto:denise.sf@ufrj.br
mailto:barbara.andrade@fiocruz.br
mailto:mvidal@ergonomia.ufrj.br
mailto:paulov@ien.gov.br
mailto:alessandro.jatoba@fiocruz.br
mailto:hollnagel.erik@gmail.com
mailto:hollnagel.erik@gmail.com
www.sciencedirect.com/science/journal/00036870
https://www.elsevier.com/locate/apergo
https://doi.org/10.1016/j.apergo.2021.103632
https://doi.org/10.1016/j.apergo.2021.103632
https://doi.org/10.1016/j.apergo.2021.103632
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apergo.2021.103632&domain=pdf

R. Arcuri et al.

This research paper aims to assess how Resilience Engineering
(Hollnagel et al., 2006) concepts and methods can be used to identify
and predict the behaviour of complex systems after they are put under
stressful situations, based solely on previous understanding of their
normal functioning. With this purpose, the paper proposes and validates
a way to incorporate in-depth data on work-as-done and system vari-
ability into a qualitative risk assessment method for crisis situations
using the Functional Resonance Analysis Method (FRAM).

This research design was applied to predict the functioning of the
Brazilian Mobile Emergency Medical Service (SAMU) for riverside and
coastal areas during the COVID-19 pandemic. Specifically, the study
analysed the pandemic’s effects in access of riverine communities to the
prehospital emergency healthcare system in Amazon’s ultra-peripheral
locations, where emergency care performed by a water ambulance ser-
vice is the only gateway for riverine populations into the Brazilian Na-
tional Public Health System (Jatoba et al., 2021).

The COVID-19 pandemic was declared a public health emergency of
national importance in Brazil on February 3rd, 2020 (Brasil, 2020;
Garcia and Duarte, 2020). It started in Brazilian Southeast region and
soon spread throughout the entire country, including remote and less
accessible regions like Amazonas State where patient transportation
through rivers is added to the list of obstacles to overcome during the
crisis. After the number of COVID-19 confirmed cases, hospitalizations
and deaths first peaked in May 2020 in Amazonas State, the month of
January 2021 proved even more challenging for the region as a second,
higher and steeper peak in hospitalizations soared demand for oxygen,
pushing healthcare services to a breaking point.

The addressed research question was how the Functional Resonance
Analysis Method - FRAM (Hollnagel, 2012) can - by modelling activities
under typical conditions - actually be used to predict system functioning
under stressful situations, like the ones posed by the COVID-19
pandemic.

With this purpose, two studies were performed and are presented
here. The first one, carried out in the middle of 2019 (before COVID-19),
a FRAM model for the Upper Amazon River SAMU was developed using
ethnographic methods. In the second study, which did not include
additional data collection and was solely based on the variability
already identified for normal functioning, a group of experts developed
new models on how the system would function during the high demand
imposed by COVID-19. Finally, the accuracy of predictions and the ways
workers coped with challenges imposed by the crisis at the sharp end,
during the first peak of the pandemic in the region, are discussed.

1.1. Research settings

The Upper Amazon River (Alto Rio Solimoes, in Portuguese) region,
a part of the Brazilian state of Amazonas, is located at the tripoint be-
tween Brazil, Colombia and Peru. It comprises 213,000 km? and 9 mu-
nicipalities with a total population estimated at 240,000 inhabitants.
The region surrounds a stretch of about 900 km of the Amazon River
(along with some of its tributaries) as it enters Brazil from Peru.

Due to local conditions - underdeveloped infrastructure, sparse
population density and geography consisting of forested and floodable
plains - the primary access to cities in the Upper Amazon River region is
through the waterways of its rivers. The various risks for navigation
include (Queiroz, 2019):

@ Underwater sandbanks;

@ The collapse of riverbanks, forming waves that sometimes sink boats;

@ “Rebojos” - swirls formed at river confluences with different water
speeds that can delay trips and sink small boats;

@ Shaping of several pathways due to the formation of numerous
islands (“parands”), impeding regular navigation paths;

@ Large concentration of debris on the surface of its waters, such as tree
trunks, which often break boat propellers;
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@ Dangers and violence posed by illegal activities including illegal
mining, drug and arms trafficking, and even river piracy. The region
is one of the main gateways for drugs and illegal arms entering
Brazil.

Fig. 1 shows a map of the operation for emergency care service across
the municipalities of Benjamin Constant and Tabatinga. This latter is the
regional capital and holds the headquarters for the system — the SAMU
Dispatch Centre for the Upper Amazon River region.

1.2. Resilience Engineering perspective on healthcare systems

Resilience Engineering emerged less than two decades ago (Hollna-
gel et al., 2006) with a proposal to better understand safety and general
functioning of complex-socio-technical systems when performing close
to their boundaries. Resilience has been defined as “the intrinsic ability
of a system to adjust its functioning prior to, during, or following
changes and disturbances so that it can sustain required operations, even
after a major mishap or in the presence of continuous stress” (Hollnagel
etal., 2006, 2011). Resilience has been considered an emergent property
of systems, providing the means for organizations to target resource
investments by integrating safety and productivity concerns (Nemeth
et al., 2008), and some if its contributions to the understanding, design
and management of complex socio-technical systems are listed in Pat-
riarca et al. (2018).

Fairbanks et al. (2014) discuss examples of resilience in healthcare in
systems. The authors state that, for any scale of disturbances, resilient
performance in these systems is dependent on their configuration
permitting actors within it to effectively react to these disturbances by
changing or trading off across goals. Resilient healthcare has been linked
to both safety and quality in delivering care (Nemeth et al., 2008;
Anderson et al., 2020). However, most resilient healthcare research has
focused on a descriptive approach on how work is achieved at the sharp
end (Berg and Aase, 2019).

Resilience to system disturbances in healthcare is characterised by a
high degree of adaptive capacity (Braithwaite et al., 2013). Healthcare
environments display high variability, and disturbances can be unpre-
dictable in timing, magnitude, duration and character, meaning that
healthcare professionals must be continually aware, flexible and ready
to act (Braithwaite et al., 2013).

To guide the representation and analysis of systems’ in-
terdependencies and performance variability in healthcare (and other
complex domains), Resilience Engineering has produced methods of its
own. Among these, the one that seems to be getting most attention from
the Resilience Engineering community (and increasingly among com-
munities of practice) in the past few years has been the Functional
Resonance Analysis Method (FRAM) (Hollnagel, 2012; Patriarca et al.,
2020).

1.3. FRAM as a method for prospective analysis

FRAM was conceived as a new analysis method based on Resilience
Engineering concepts, initially as an alternative to accident analysis
(Hollnagel, 2004) but later as a more general modelling method (Holl-
nagel, 2012). It has been widely used for accident analysis based on
Resilience Engineering principles (Woltjer and Hollnagel, 2007; Car-
valho, 2011; Minami and Komatsubara, 2008; Hollnagel and Fujita,
2013) but is increasingly used to model system functioning as a pro-
spective analysis method (Patriarca et al., 2020). FRAM prospective
analysis has been used to understand the consequences of misalignments
of Work-As-Done (WAD) and Work-As-Imagined (WAI) (Li et al., 2019;
Nakajima, 2015), providing reflections on how sharp end adaptations
due to system constraints may jeopardize system functioning (Jatoba
etal., 2018; Arcuri et al., 2020). However, such approach has so far been
applied to assess scenarios and potential outcomes within
close-to-typical working conditions.
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In this work, a FRAM model for system functioning in normal con-
ditions was used to predict system behaviour in a major stressful situ-
ation. The FRAM model for SAMU services in riverine areas is detailed in
Study I and includes the complete system operation: from the call for
assistance up to the arrival at the specialized care facility. This FRAM
model enabled an in-depth understanding and reflection on system
variability, providing the basis for the prospective analysis of its oper-
ation during COVID-19 pandemic’s first peak, as described in Study II.

2. Study I

The goal of Study I was to develop a FRAM model for the mobile
emergency care system, operated by the SAMU, in the Upper Amazon
River region. It resulted in a systemic modelling of emergency care sit-
uations along three key processes and respective variability dynamics.

2.1. Methods

This study used an exploratory cross-sectional design, based on
qualitative data collected following an ethnographic approach to map
work activities into FRAM functions. Fieldwork was carried out in a
participatory way and was based on semi-structured interviews, work-
site technical description and naturalistic work observation whenever
possible.

Participants spanned managers from Municipal Health Departments,
SAMU, and other local healthcare facilities, as well as emergency care
teams’ professionals, such as doctors, nurses, health attendants and boat
drivers. Research effort comprised over 140 h of fieldwork, in which 47
professionals were interviewed over a 12-day time period. Interviewees
were classified into four different groups:

e Managers from the regional Dispatch Centre and decentralized bases
(8);

e Professionals from the Dispatch triage team (3);

e Professionals from water ambulance crews (32);

e Managers and professionals from healthcare facilities in the region
which receive patients from SAMU mobile teams (4).

To map systems functions into FRAM, interviews focused on identi-
fying the difficulties that participants face while carrying out their ac-
tivities as well as the main problems concerning the boats and
navigability in rivers in which they operate to reach riverine commu-
nities in the region. Interviews also included description of how vari-
ability unfolded during service operation and narratives of challenging
cases in providing care and dealing with incidents during expeditions.

Data collection took into consideration this system’s organizational
context, related to its “blunt end” (administrative structure, relationship
with municipal and state management, availability of human and ma-
terial resources, and local protocols). Additionally, other elements of the
work environment were considered, such as those related to its “sharp
end” (communication instances, geographic and climatic factors, and
population’s epidemiological aspects).

Fieldwork was organized into the following steps:

1. Guided visits to the Dispatch Centre and decentralized operational
bases that host the water ambulance crews in the Upper Amazon
River region’ municipalities;

2. Semi-structured interviews with Dispatch managers, health man-
agers at the municipal level, Dispatch triage team, members of the
water ambulance crews, and managers and professionals from
healthcare units in the Upper Amazon River region;

3. Inspection, description and technical drawing of the water ambu-
lances and their docking locations;

4. Navigation aboard water ambulances; and

5. Simulation of an emergency operation (available at one of the
locations);

At all municipalities, guided visits to operational bases and in-
terviews with local managers preceded the other steps, as a first point of
contact between the research team and local professionals. The
remaining steps were ordered according to availability of crews and
other healthcare professionals.

Field notes and the transcription of interviews underwent content
analysis (Bardin, 1989) looking for trends, characteristics, and inter-
pretation of the data. Lastly, the operation was modelled based on sys-
temic analysis using FRAM (Hollnagel, 2012). Analysis focused on the



R. Arcuri et al.

key process executed by the emergency care service and interactions
used to coordinate the tasks among the many system agents.

Functional variability for each function was modelled in terms of
endogenous/exogenous disturbances, dampening mechanisms, and
output variability according to the taxonomy described by Li et al.
(2019) and Saldanha et al. (2020). Therefore, from the standpoint of any
specific function in the model, exogenous disturbances were modelled as
the output variability from upstream functions, while endogenous dis-
turbances were modelled as ones that emerge from within the reference
function - given a chosen level of model resolution.

The variability taxonomy is illustrated in Fig. 2. In this example,
which pictures variability characterization for a generic Function C,
dampening mechanisms within Function C are activated to cope with
endogenous disturbances x,y,z, as well as with exogenous disturbance
B.i via upstream-downstream coupling for Resources. The outcome of
this variability dynamics is shown as potential output variability
regarding output C.i. As we move on to characterize variability for
Function D downstream, output variability C.i will then simply be
accounted as exogenous disturbance C.i.

It is important to note that this variability taxonomy can accom-
modate changes at levels of model resolution while yielding the same
results for characterization and analysis of functional variability. As an
implication, it is suitable for conducting further analysis that extend
model representation in this way, such as the FRAM Abstraction/Agency
framework presented in Patriarca et al. (2017a,b).

For example, we could consider the case of an increase in model
resolution (i.e. an increase in granularity, thus exploding any general
function into multiple specialized functions). In this case, a given
disturbance that was considered endogenous for a general function
would be now, from the standpoint of one of the new specialized func-
tions that stemmed from it, be modelled as exogenous, since it is pro-
duced upstream. Nevertheless, the result of analysis would remain the
same, as the interplays between disturbances, dampening mechanisms
and output variability are accounted for in the same way.

Fig. 3 explains this assertion by illustrating the example from Fig. 2
at a higher level of model resolution. Dampening mechanisms within
Function C-3 are activated to cope with endogenous disturbance z and
exogenous disturbances C-1.k and B.i via upstream-downstream cou-
plings for Control and Resources, respectively. At this higher level of
resolution, disturbance y is revealed to be the outcome of the variability
dynamics at Function C-1 and is exogenous from the standpoint of
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Function C-3. Nevertheless, the outcome of the variability dynamics
encompassing Functions C-1, C-2 and C-3 is the same as the one shown
at a lower level of resolution — resulting in potential output variability
regarding output C.i.

2.2. Results

Emergency healthcare to riverine communities in the Upper Amazon
River region comprises three key processes:

A Rescue service for injured individuals (patients) at riverine com-
munities (rural, indigenous, and non-indigenous populations), sub-
divided into:

a.a Rescue near the coast of the Upper Amazon River, Ica River, and
their extensions, streams, and boreholes;

a.b Rescue within riverside communities, far from shore; or

a.c Rescue of boats or patients adrift in the region’s rivers.

B Transfer of patients from healthcare facilities in other cities within
the region to Tabatinga’s hospital or emergency care clinic;

C Transfer of patients from clinics in Tabatinga and other cities within
the Upper Amazon River region to medium and high complexity
healthcare facilities in Manaus, the state capital.

The water ambulance service (Fig. 4) in Upper Amazon River is
responsible for operating processes A and B. In contrast, process C is
operated both by land SAMU (Upper Amazon River region’ division) —
coordinated by the Municipal Health Department of the patient’s
hometown — as well as by the State aeromedical service. The FRAM
model, describing how the functions are activated along these three
processes and carried out by different system agents, is shown in Fig. 5.

The characterization functional variability as well as the description
of some instantiations in typical conditions of operation are described in
the next subsections for processes A, B and C.

2.2.1. Process A - rescue service for patients from riverine communities
This process typically begins when the operator receives a call by the
patient, patient’s family, local residents or by the local community
health worker (CHW) called to the scene. The operator (TARM) then
collects critical initial information about the event and routes the call to
the triage/dispatcher physician, who uses the event/occurrence’s in-
formation and SAMU protocols as controls to deepen knowledge about

Endogenous
disturbances

Function C
Dampening

Xx,Y,2

Output A.i mechanisms
Ry, 7, B
Function A ®
Output C.i
Output
variability
Output A.i Ci
Output B.i
Exogenous
disturbance
B.i

Qutput B.i

Fig. 2. Illustration of the variability taxonomy adopted for modelling variability dynamics at Studies I and II, at a lower (less granular) level of model resolution. In
this example, step 2 of FRAM — Characterization of functional variability — is carried out for Function C.
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Fig. 3. Illustration of the variability taxonomy adopted for modelling variability dynamics at Studies I and II, at a higher (more granular) level of model resolution. In
this example, step 2 of FRAM — Characterization of functional variability — is carried out for Function C-3.

Fig. 4. Water ambulance at a disembark point in one of the municipalities. The
shoreline of the closest island stretches in the background.

the occurrence and determine the appropriate response. The output of
the functions “get basic info on event” and “detail event” tend to present
output variability regarding precision - less accurate data - since they are
provided by the requester. However, when the caller is the local CHW,
the precision of such information is higher, and additional data such as
blood pressure can be passed on to the dispatcher physician. In this case,
the dispatcher then instructs the CHW on how to provide first aid to keep
the patient’s condition stable until the arrival of the water ambulance
crew (which may take hours).

At the Dispatch, the radio operator allocates and activates the water
ambulance crew for the event (function “transmit service order to water
ambulance intervention team™). A disturbance related to this function is
the impossibility of immediately sending the crew because it may be
assisting another event. If so, it is necessary to wait for the water am-
bulance’s return before proceeding with the dispatch.

Once the decentralized base is alerted, the water ambulance crew
decides on the best place to dock the water ambulance nearby the
occurrence/event scene. If the local CHW was the requester, the water
ambulance crew attempts to contact them to assess the possibility of the
patient being transported to a meeting point to ease extraction/

boarding.

The crew then prepares the water ambulance, carries out the
boarding, and navigates to the occurrence. Upon arriving, they dock at
any existing pier, in ravines, or on beaches. Beaches are the least rec-
ommended places for docking, as there is a higher chance of stranding
the boat, and the subsequent boarding of the patient is hindered.

As the crew reaches the patient, the function “perform initial rean-
imation or assessment maneuvers” is triggered. During preparation for
extraction, if the patient’s health condition is more severe than imag-
ined, the crew tries to contact the triage physician to update them and
ask for guidance. If they can communicate with the Dispatch, the triage
physician conducts a briefing with the first responders regarding
possible scenarios for the evolution of the patient’s condition, pre-
authorizing medical procedures in case communication is not avail-
able during the returning trip.

When the function “perform initial reanimation or assessment ma-
neuverers” conveys the impression of a severe health condition, an early
dampening mechanism is triggered: the CHW (or, in larger communities,
a health attendant, nurse, or physician) might crew the water ambulance
and provide extra support to the intervention team during victim
transportation, anticipating possible complications.

The crew than maneuvers the patient to board the water ambulance.
The driver must remain in control of the boat during boarding, be it on
land or in water. Therefore, boarding often requires the aid of the local
CHW or others (residents of the community, the patient’s relatives, crew
of the rescued boats, etc.).

With the patient aboard the water ambulance, the health attendant
accompanies the patient and performs the tending measures. The pro-
cedures performed by the health attendant are essential, given that the
journey may take hours. These measures can be limited, for instance, by
the available equipment, the professional’s expertise, and the possibility
of communication and authorization by the triage physician.

When approaching the docking location, rescuers call the Dispatch
and the decentralized base as soon as within phone and radio coverage
to inform coordinates and report updates on the patient’s conditions.
The disembarking location - decided at this moment by the water am-
bulance’s driver - is also informed so that the radio operator can dispatch
a ground crew to pick up the patient.

On arrival, the water ambulance crew briefs the ground crew
regarding the rescue. The patient is then taken to the local healthcare
facility (usually a hospital or emergency clinic), where the screening
and, lastly, assistance will be carried out.
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2.2.2. Process B - transfer of patients to Tabatinga

This process begins with the local emergency clinic or hospital
contacting SAMU Dispatch Centre to transfer the patient to Tabatinga,
the largest municipality in the region and home to the most equipped
hospital and emergency care clinic. Unlike process A, the Dispatch’s
operator (TARM), when receiving the request, forwards it directly to the
triage physician, who will talk to the health professional of the
requesting facility and decide on how to perform the transfer.

While the water ambulance crew goes to the water ambulance and
prepares it for the trip, the ground crew picks up the patient at the health
facility and transports them to the boarding point.

The water ambulance crew then transports the patient to Tabatinga,
a journey that may take from approximately from one to six hours
(depending on the municipality of departure). During the trip, the green
functions (Fig. 5) take place as they do in process A. When approaching
Tabatinga, the water ambulance crew informs the Dispatch of their
proximity and the chosen disembarking point. The radio operator then
activates a ground crew to pick the patient up and take them to the local
hospital or emergency clinic.

2.2.3. Process C - transfer of patients to Manaus

This process starts with the hospital or emergency care clinic from
one of the region’s municipalities requesting the Municipal Health
Department to transfer the patient to a more sophisticated healthcare
facility in Manaus, the State capital, which lies about 1500 km down the
Amazon River.

Since the aeromedical service is usually overworked, it is common
for the Municipal Health Department to choose alternative trans-
portations, such as express commercial carrier boats. These, however,
take approximately 24 h to reach Manaus and are available only three to
four times a week. Also, patient transportation using these boats occurs
in an improvised manner - immobilized patients are carried in the boat’s
floor, besides passengers’ seat rows.

Whether by aeromedical transport or commercial boat, the result of
the function “negotiate patient’s referral to Manaus” determines when
the rest of the process will be triggered. When the triggering occurs, the
local healthcare facility is advised to prepare the patient for transfer. In
contrast, SAMU is called to deploy a ground crew to transport the patient
to the location of departure, where they are relocated by aeromedical
transport or commercial boat to Manaus.
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Once most of the region’s SAMU bases hold each only one land
ambulance, an endogenous disturbance to the function “transport pa-
tient from HC (Health Care) facility to pick-up spot for Manaus” is that
this vehicle may be in another occurrence when requested. In this case,
the dampening mechanism consists of the decentralized base negoti-
ating with the local management the availability of an alternative
vehicle to carry out the transportation.

2.3. Takeaways from the FRAM general model

Even under typical operation constraints, transferring patients
through remote riverside regions is a fairly complicated task. Water
ambulance units are affected by many variables, from operational
context, equipment limitations (PPE, boat and docking locations), to
availability of complete healthcare teams and communication issues due
to the poor mobile phone and radio coverage in the region.

One interesting aspect the model displays is how the community
health workers (Bellas et al., 2019; Wennerstrom and Rush, 2016) based
on the riverine communities — when available - play a fundamental role
in addressing the emergencies in this region. They do so in three ways:

1 Mediating communication between the patient/community and
the SAMU service, often requesting it themselves. Additional and
more reliable information fed into the functions performed by the
Dispatch team account for more accurate decision-making;

2 Performing first aid care to patients, before the SAMU crew ar-
rives. The output-control coupling between functions “perform first-
aid on patient” (by the CHW) and “perform initial reanimation or
assessment maneuverers” (by the SAMU crew) might determine the
degree of success of the latter, due to the long time needed for the
crew to arrive;

3 Facilitating the patient’s extraction by the water ambulance
crew, from guiding the crew to the patient location to sometimes
coordinating an early transfer of the patient’s from the occurrence
location to the water ambulance’s docking location. Time needed to
reach occurrence’s location and safety of the SAMU crew during the
route towards it (modelled as output-time and output-control cou-
plings at the function “find patient”) can be greatly impacted by
previous contact and action by the CHW.

3. Study II

Study II was aimed at using FRAM as a prospective analysis tool to
address the research question. Therefore, from the general FRAM model
for the mobile emergency care operation in the Upper Amazon River
region, we formulated a predictive model for estimating system
behaviour during the COVID-19 pandemic.

3.1. Methods

Research steps were designed in order to calibrate the general FRAM
model to accommodate instantiations considering the effect of the
COVID-19 pandemic in the region.

In the first step of the proposed formulation, we analysed each pre-
viously modelled system function based on knowledge gathered from
their behaviour and considered potential changes in their variability
dynamics due to the pandemic. To this end, we reviewed published re-
ports regarding the COVID-19 pandemic’s general impacts on Brazil’s
National Health System (SUS) and on the studied region - especially the
technical guidelines on dealing with COVID-19 and special weekly
COVID-19 epidemiological bulletins issued both by the Brazilian Min-
istry of Health (available on routinely updated editions at https://antigo
.saude.gov.br/boletins-epidemiologicos) and by the Health Secretary of
Amazonas State (available on routinely updated editions at https://
www.fvs.am.gov.br/publicacoes).

From this analysis, we identified a group of directly impacted

Applied Ergonomics 99 (2022) 103632

functions and produced estimations on the influence the pandemic
would have over them. Impacts can be summarized as the increase in
likelihood (1L) or severity (1S) of some endogenous disturbances,
the rise of new endogenous disturbances (N) and the decrease in
manoeuvrability of some dampening mechanisms (| M).

In a second stage for the development of the predictive model we
carried out the analysis of functional resonance. From it, we came to
identify how variability couplings might drive three trends that lead to
the collapse of the mobile emergency care system in the region. These
three scenarios were each conveyed by a group of potential in-
stantiations enabled within the pandemic influence.

For each scenario, a table and a figure were produced. The table
details the changes in variability dynamics for the directly impacted
functions, while the figure shows a zoomed-in graphical perspective of
the predictive model for said scenario, highlighting the output vari-
ability produced by directly impacted functions. Conversely, functions
and couplings that, due to the pandemic, do not insert additional output
variability in the system were not highlighted and detailed in the
respective figure and table. With regard to pandemic impacts, those play
the sole role of carrying output variability generated by the highlighted
functions further downstream along processes A, B and C.

3.2. Results

Our analysis of potential instantiations of the system functioning
under the pandemic influence defined three trends in which we esti-
mated emergency healthcare to riverine communities in the Upper
Amazon River region might come to collapse. The three scenarios that
emerged from the analysis were:

1. Deterioration of Capability to Handle Processes’ Demands;
2. Exposure to Infection and Reduction of Intervention teams Available;
3. Difficulties of Team Rescue.

We detail Scenario 1 in the next subsection.

3.2.1. Scenario 1 — Deterioration of Capability to Handle Processes’
demands

The emergency care processes for the Upper Amazon River riverine
population have been designed for a typically low demand. However,
the COVID-19 crisis could potentially increase demand for emergency
care in the region while simultaneously impacting processes’ behaviour.
Therefore, while the usual operation of the ambulance service already
presents a considerable misalignment between demand (pressures
exerted on the system) and capacity (resources available to deal with
such pressures) (Anderson et al., 2017; Dekker, 2011, cap. 7), we esti-
mated the COVID-19 pandemic would widen this gap, making the
operation less able to cope with the critical conjuncture. The FRAM
predictive model for this scenario is shown on Fig. 6 and detailed on
Table 1. Functions and couplings highlighted insert new delays into the
system or conditions for delays in following functions. Couplings not
highlighted still play a role of transmitting delays downstream.

For processes A and B, our analysis indicated that the impacts of the
pandemic would make room for potential instantiations where delays
resonated, turning effective emergency care unfeasible. This would
happen through response times incompatible with the severity of the
patients’ conditions, either due to delays while delivering care or delays
at dispatching the water ambulance crews (including delays accumu-
lated from previous service orders). Our analysis pointed to a compound
effect of these two dynamics.

Initially, the large number of service orders during the COVID-19
pandemic leads to an increase in the likelihood in which the function
“transmit service order to water ambulance intervention team” delays.
This is due to the water ambulance crew being continuously allocated to
occurrences. Given the limited resources and a single ambulance avail-
able for each decentralized base, no dampening mechanisms are
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Fig. 6. Prospective Analysis - Scenario I — Graphical model. Directly impacted functions and changes to their output variability are highlighted.

available to handle such disturbances.

In process A, the local CHW can usually provide first aid measures,
which are essential for stabilizing the patient before the crew’s arrival,
as cited earlier. However, for severe COVID-19 cases, which involve
symptoms such as respiratory failure, for example, the CHW does not
have the means to handle such a situation from the outset. This, sub-
sequently, affects downstream functions.

Still concerning process A, the function “find patient” is usually
facilitated and sped up since the CHW receives information on the
mooring point of the water ambulance (control element) and is able to
transport the victim (with or without the residents’ help) to mooring
point’s vicinity. However, during the pandemic, this transport is hin-
dered due to CHWs being apprehensive on getting infected, as they do
not have PPE or training for the safe management of COVID-19 patients.
This aspect, originating from the function “take the patient to river
shore,” impacts the function “find patient” as a new exogenous distur-
bance. In turn, this disturbance could require - as a dampening mecha-
nism - that rescuers traverse the community area, sometimes at night
and through forest trails unknown to them, posing the risk of disorien-
tation, falls, or encounters with dangerous wildlife (see Fig. 7).

The consequences of lack of adequate lighting equipment are then
aggravated. The team then may end up having to use lighting from their
personal cell phones. The success of using said damping mechanism
would still delay the service, while failure could interrupt the operation
and even create the need for the water ambulance crew to be rescued.
The apprehensive attitude of CHWs and residents could also be observed
during the function “remove patient from event-scene to water
ambulance.”

The functions performed by the land intervention team can also
suffer delays — such as transferring the patient from the water ambulance
to local health facilities. Regarding process B, there can be a delay for the

function “transmit service order to land ambulance intervention team.”
Once again, this is because a large number of rescues seen during the
pandemic lead to increased frequency in which the only land ambulance
present in each municipality would be unavailable. There is no damp-
ening mechanism to deal with this disturbance.

Regarding process C, our analysis indicated the pandemic would
simultaneously increase the likelihood of disturbances while decreasing
the manoeuvrability of the dampening mechanisms for two key func-
tions, executed by the Municipal Health Department management.

Firstly, for the function “negotiate patient referral to Manaus,” the
Health Department may not be able to provide aeromedical service in
time, due to high demand. At the same time, it may be challenging to
negotiate patient transportation with commercial speedboat services.
Thus, the patient would need to rely exclusively on the availability of
aeromedical transport to Manaus.

Secondly, the function “transport patient from HC facility to pick-up
spot for Manaus” will be delayed if there is no SAMU ground crew
available to transfer the patient to the pick-up spot. This may delay the
transfer since the dampening mechanism (negotiating with the local
Health Department for another vehicle) becomes fragile during the
crisis. This would happen not only because of high demand over vehicles
and resources in general from the local Health Department, but also
because these alternative vehicles will only be used to transport COVID-
19 patients if they present low-risk of infection to the crew, and if it is
possible to sanitize the equipment and surfaces after use.

3.3. Validation

After the pandemic’s first wave peaked in the region, which
happened in the second trimester of 2020, the three scenarios described
in the Results section were validated by supplementary interviews
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Table 1
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Prospective Analysis - Scenario I — Detailing of changes in variability dynamics for directly impacted functions. Code for pandemic’s impacts over disturbances,
dampening mechanisms and output variability: (L) = increase in likelihood; (1S) = increase in severity; (N) = new; (JM) = decrease in maneuverability.

Function Output Exogenous Disturbances (from  Endogenous Dampening Output Variability Regarding Timing
upstream functions) Disturbances Mechanisms
Upstream Output Range Description
function variability
Transmit service order Service order received N: Team members None available, 1L: Too Service order held until
to [water/land] by [water/land] are infected given limited late team is available
ambulance ambulance interv team/ 1L: Not possible to resources (single
intervention team/ Land intervention team contact interv team  water and land
Activate land activated ambulance per
intervention team to serviced area)
disembark point
Perform first-aid on First-aid performed by N: no means None available 1L: Victim not stabilized
patient CHW provided to Omission
stabilize signs and
symptoms from
COVID-19
Take patient to river Patient’s arrival at river N: CHW and None available N: CHW and residents do not
shore shore residents fearful of Omission transport victim to closer to
approaching mooring point
infected victim
Find patient Patient found Take N: Victim not 1L: Follow unknown 1L: Too Patient reached only after
patient to brought land route to reach late travelling land route. Land
river shore closer to patient further routes can take up to 1 h of
mooring point inland walking
Remove patient from Patient aboard water Take N: Victim not N: CHW and 1L: Follow unknown 1L: Too Water ambulance reached
event-scene to water ambulance patient to brought residents fearful of  land route back to late only after travelling land
ambulance (1st river shore closer to approaching water ambulance route without help to
Dynamic) mooring point  infected victim transport patient. Land
routes can take up to 1 h of
walking
Remove patient from Patient aboard water N: CHW and 1L: Board patient 1L: Too Victim boarded only after
event-scene to water ambulance residents fearful of ~ without help late maneuvering. More time
ambulance (2nd approaching needed to position patient
Dynamic) infected victim and water ambulance to
enable boarding
Negotiate patient Patient referral 1L, 1S: Aeromedics IM: Negotiate 1L, 1S: Delayed output and
referral to Manaus scheduled not available in transfer via Too late dependence of function on
time window safe commercial state-managed air
for patient passenger speedboat ambulance’s time
schedules
Trigger patient transfer @ Local HF facility N: Team members IM: Negotiate with 1L: Too Delayed output. Function
to Manaus triggered for the are infected Municipal Health late can only be executed when

transference
@ SAMU triggered for
the transference

1L: Not possible to
contact land interv
team

Department the use
of another vehicle

interv team is discharged
from previous service order

Fig. 7. Riverine community in the Upper Amazon River region. Communities’ populations range from several dozens to a few thousand residents, and may spread

several kilometers inland.
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carried out remotely with key members of SAMU’s management and
teams from the Upper Amazon River region. The interviews covered
three topics: (1) validation of estimated changes in variability dynamics
for directly impacted functions of the general model; (2) validation of
major disruptions in system functioning following the three scenarios;
and (3) inquiry over additional changes in system functioning after the
pandemic hit the region.

The changes in variability dynamics foreseen in the prospective
analysis for the functions activated along the three processes were
confirmed. We were also able to confirm that through functional reso-
nance these changes led to: (1) delays on emergency care provided and
difficulty in attending to demand (e.g., due to couplings between func-
tions “take the patient to river shore” and “remove patient from event-
scene to water ambulance”), (2) COVID-19 outbreak throughout a
large part of the SAMU rescuers (e.g., due to couplings between navi-
gation and care performing functions), and (3) difficulty in rescuing (e.
g., due to couplings between functions “navigate to Tabatinga” and
“request rescue”). During the validation phase we learned that as this
research was developed many members of the SAMU teams had already
been infected.

Thus, the FRAM modelling of the emergency care system during
regular functioning enabled the risk analysis of its abnormal functioning
during a crisis, namely the COVID-19 pandemic. Nevertheless, an
additional (not predicted) change in the system’s functioning during the
pandemic has been reported. This concerned the operation of the water
ambulance crew in coordination with the primary care strategy. In the
Upper Amazon River region, each municipality has a mobile riverine
(boat) primary care clinic that continuously travels throughout local
riverside communities to provide primary care services.

During the first peak of the pandemic, the primary care teams
identified, within communities, severe COVID-19 cases that required
extraction to local specialized healthcare facilities. Thus, water ambu-
lance crews started to monitor the mobile health clinic and its itinerary,
to speed up the assistance, and sometimes even escort mobile riverine
primary care clinics, to attend to patients as soon as possible. This shows
the importance of coordination between local health operations at
different levels during adverse events. Water ambulance crews have
temporarily become, in fact, extensions of, and support to, primary care,
in addition to their already established role from the standpoint of pri-
mary care: mitigating urgent care cases in riverine populations (Lanca,
2017).

4. Discussion

Resilience means not only being able to adapt (latent capability) but
also changing organizational behaviour to focus on adaptation (manifest
behaviour) when necessary (Huber et al., 2012). In extreme health
events like the ongoing pandemic, healthcare teams encounter even
higher demands than usual regarding the provision of care and aspects
related to their safety (Doyle et al., 2017; Sjolin et al., 2015).

The latent instantiations within the three found scenarios point out
how extra-organizational elements to riverine emergency care drive
resilient performance along processes A, B and C. One example is the
essential role of CHWs from riverine communities in attending to
emergencies while focusing on providing first aid measures to patients
(Ozano et al., 2018). Due to their experience and the nature of the
epidemiological profile of the occurrences, the CHWs are generally able
to provide first aid (Jatoba et al., 2020). Typical examples are accidents
with mowing tools (chainsaw, machetes, and others), heart attacks,
snake bites, etc. However, CHWs do not have medical instruments or
PPEs for primary care for critically ill COVID-19 patients. Thus,
providing training and proper equipment to the CHWs could facilitate
their jobs and improve the healthcare provided by them (Ballard and
Montgomery, 2017).

Another relevant aspect concerns the fact that the system has become
accustomed to using commercial passenger boats to carry out
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extractions. However, during outbreaks this transportation method must
be avoided when carrying out this activity, because it offers the risk of
contamination for other passengers. This is especially relevant since
processes B and C, which in typical situations are less representative,
during the peak of the pandemic became the main processes.

The typical response to the COVID-19 pandemic across health sys-
tems has been to invest in infrastructure and expand the healthcare
capacity to receive and treat patients — with an increase in the avail-
ability of beds, respirators, and health professionals (Chopra et al., 2020;
Meares and Jones, 2020; White and Lo, 2020). One major takeaway
from our work is that this response might nevertheless miss the target for
remote or peripheral locations, distant from state capitals. These loca-
tions pose a unique challenge to healthcare systems, which is to make
sure patients can be physically brought to the systems and guarantee
their access to healthcare. Crisis situations such as the COVID-19
pandemic essentially widen the gap between demand for care services
and capacity to reach patients and bring them to where care can be
delivered, putting system safety at stake as effective care becomes
unfeasible.

The identification, description and finally successful validation of the
three estimated scenarios in Study II would not be possible without the
in-depth understanding of how emergency healthcare to riverine com-
munities functioned under typical conditions. In this regard, the FRAM
general model for the system, produced in Study I, was of fundamental
importance, once it enabled a systematized registration of data collected
regarding the operation of the three processes and also a focused fore-
cast on how different system agents would be impacted under the
pandemic - first in terms of carrying out individual functions and then
zooming out to the whole system. In this way, the principle of functional
resonance (Hollnagel, 2012) came into prominence as we found that
relatively small changes in variability dynamics (such as residents of
riverine communities fearful of being in close contact with victims)
could deliver strong implications to the processes (such as significant
added delays to process A) and to the safety of expeditions (such as
increased risk of accidents during the trip inland to reach the victim).

On the other hand, such knowledge of how the system works also
shows opportunities for increasing resilient performance in processes A,
B and C. For instance, Process A could benefit greatly from resizing the
water ambulance crew in order to cope with transporting and boarding
victims when help from residents and CHWs will not be possible. Process
B could benefit from water ambulances more adapted to the harsh local
navigation conditions, whereas Process C could benefit from negotia-
tions (at a state level) between SAMU and commercial speedboat com-
panies’ so as to design cabins in these vessels to transport patients with
COVID-19 when air ambulances are not available.

One important limitation of our work stems directly from its research
design. Since all estimates produced during Study II are based on the
roles established for the investigated system (riverine mobile emergency
care) along their derived processes and respective functions as modelled
in Study [, it is not possible to estimate fundamentally different roles and
processes that come to briefly exist during crisis. In our application, this
accounted for not being able to predict the extemporaneous new process
of water ambulances escorting mobile riverine primary care clinics,
which fell outside SAMU attributions while it took place in some loca-
tions at the height of the first pandemic wave. We believe that identi-
fying such solutions in advance, although not impossible, would depend
at least on in-depth knowledge on WAD regarding the services delivered
within primary care to riverine populations.

Although the character of the studies presented in this paper is purely
qualitative, the adopted research design could be coupled with a semi-
quantitative approach for variability modelling. Recent research on
this topic has employed techniques such as Fuzzy Logic (Slim and
Nadeau, 2019; Hirose and Sawaragi, 2020), Monte Carlo simulation
(Patriarca et al., 2017a,b) and Bayesian networks (Zinetullina et al.,
2021). Drawing from these proposals, we believe that a good aim for
complementing a FRAM prospective analysis of system functioning
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during crisis situations would be an approach towards reducing
subjectivity in the estimation of changes in variability dynamics of
directly impacted functions. In this sense, the FRAM/AHP approach
(Rosa et al., 2015) seems to be a good fit, once it enables the simulta-
neous participation of multiple domain experts and can lead to the
reduction in subjectivity associated in the process of risk assessment in
complex systems.

Our findings on the importance of including elements of overall
system functioning into risk assessment can be related to a recent view
on safety, labelled as Safety-II (Hollnagel, 2014, 2018) and comple-
mentary to the traditional view (labelled as Safety-I). Safety-II poses
system safety as a variability-based problem and was conceptualized
from applying the Resilience Engineering perspective to understanding
and managing safety in complex systems. According to this view, safety
management is not only the product of rules and procedures, but it also
develops mainly due to constant performance adjustments made by
healthcare personnel to meet changing demands and deal with distur-
bances and surprises (Sujan et al., 2017; Kroeze and Wimmer, 2019;
Merandi et al., 2018; Schutijser et al., 2019).

In complex healthcare systems such as riverine mobile emergency
care, the application of traditional risk assessment focused to deal only
with identified hazards appears to be too reactive and limited, as it
cannot for instance consider how extra-organizational elements play key
roles in system performance, which in turn may lead to recommenda-
tions to solve the wrong problems - the error of the third kind (Mitroff,
1974; Woods, 2006). A broader perspective, focused on understanding
system interdependencies and describing deviations from the system’s
normal functioning based on effective practices, should be employed to
help avoiding disturbances affecting SAMU professionals’ work while
supporting ways to dampen those disturbances, thus improving overall
system safety and functioning.

5. Conclusion

Urgent care and transportation to riverine communities in the Upper
Amazon River region are possible not only because SAMU professionals
follow prescribed rules rigorously, but because they make performance
adjustments based on available resources. The Resilience Engineering
perspective, supported by participatory data collection that allows for
modelling work-as-done and the changing variability dynamics in
complex systems, shows how performance variability — manifested
through functions’ dampening mechanisms — is vital to building safety
while allowing urgent care to be delivered.

In light of these findings, others from this study rise in relevance,
such as how extra-organizational elements to a public healthcare system
can add to the resilient capabilities of its operation. A major takeaway
from this study is that these extra-organizational elements can actually
act as the main drivers of resilient performance. In turn, this sheds light
on the importance of including such elements in risk assessment, once
during crisis situations they can experience more brittle degradation.
Particularly for riverine emergency care, these elements are exogenous
to SAMU (when care depends on an initiative from the local CHW) and
even to the whole public healthcare system (when care relies on an effort
from the residents’ actions). Therefore, since the intervention operation
(and particularly process A) tends to depend on an ad hoc help from the
population, safety becomes jeopardized as informal support networks
become more fragile.

The use of the FRAM for modelling regular operation based on in-
depth data on work-as-done enabled a prospective scenario analysis
that accurately predicted disruptions in system functioning during
abnormal conditions. Domain-wise, this approach was able to predict
how the delivery of emergency care to riverine population would be
hindered as the COVID-19 pandemic first peaked. We believe that a
Resilience Engineering approach should be considered as an important
complement to traditional approaches in managing system safety. This is
especially relevant in light of recent events, once risk management
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protocols based on traditional risk assessment methods, as employed by
public managers from state and city-levels, have shown to not be
effective enough to adequately predict how the second wave of the
COVID-19 pandemic would hit the Amazonas state. In January 2021, as
the pandemic peaked for the second time in the region, the healthcare
system in the state was pushed to collapse as hospitals ran out of beds
and oxygen tanks amid soaring coronavirus infections.
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