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Comprehensive scientific report - English

e Scientific background:
Medical errors are a serious public health problem and a leading cause of death in
the United States (Rodziewicz, 2021). Promoting patient safety can be enhanced by
establishing near-miss reporting systems detecting events which could have
become catastrophic but did not, either by chance or because someone or
something intervened (EIKhider and Savage, 2019). Potential benefits of using
near-miss reporting systems include learning from adverse events and creating a
treatable warning signal, which serves as a management tool for improving patient
safety and may also save financial resources (Archer et al., 2017; Health Quality
Ontario 2017).

It is generally agreed that a reporting culture should be a significant component of
any system that involves patient safety. Indeed, many hospitals in countries
throughout the world encourage their workers to report near-misses, adverse
events, or sentinel events to an in-hospital reporting system or sometimes even to a
national-level reporting system. However, despite efforts to establish such reporting
systems, several studies have identified an alarmingly low near-miss reporting rate.
These low levels of reporting make it difficult to identify and prioritize patient safety
risks and to learn from near-miss incidents. Reducing the under-reporting poses a
significant challenge due to several barriers to in-hospital reporting, including fear of
blame, insufficient feedback to those reporting near-misses, lack of organizational
support, and workers' perception that reporting does not result in an improvement of
patient safety. Nonetheless, it is possible for hospitals to motivate reporting, and
they can do so in a variety of ways. For example, training workers to understand
what and how to report, giving enhanced feedback on statistics of recently reported
events, and/or describing hazard control strategies developed from recent analyses.
Although these different barriers and drivers to in-hospital reporting have been
examined in several empirical studies, there is a lack of appropriate mathematical
models that investigate the dynamics of decision-making among members of staff

and management and its impact on the rate of reporting.
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Although a substantial stream of literature focuses on near-miss reporting within
healthcare organizations as a strategy to reduce preventable patient harm and
improve patient safety [see the literature review of Archer et al. (2017)], there is a
paucity of research on this topic using a game theoretic approach. Only a limited
number of papers have applied game theory to investigating the dynamics between
management and staff and the impact of reporting near-miss events on safety. For
example, Winkler et al. (2019) developed a theoretical near-miss event game that
models’ decisions on reporting near-miss-events made by a manager and an
employee, where the model assumptions were drawn from an empirical study.
Westreich et al. (2021) proposed another game theoretical model whose aims were
to minimize the likelihood of future accidents and to reduce costs. The authors
concluded that encouraging behavioral changes in employees can be achieved by
increasing their inherent motivation, creating an organizational culture that
encourages reporting, increasing employees’ estimated penalty in case of non-

reporting, and decreasing his estimated loss due to reporting.

Willingness to report is an essential ingredient of a culture of reporting. It was
hsown that non-punitive learning, system-driven error management and effective
feedback and quality improvement from the reporting, results in a high willingness
to report (Chiang et al., 2018; Morrison et al., 2018). Ebrahim and Ismail (2021)
conducted an empirical study and found a positive correlation between nurses’
willingness to report near-misses and their perception of patient safety. Moreover,
nurses generally showed a moderate willingness to report near-misses and a

moderate perception of patient safety culture.

In addition to the staff willingness to report, research shows that hospital
management actions have a high impact on reporting rates. Petschnig (2017)
argues that if near-miss reporting system is not supported by higher managers in
health care organizations, it will be implemented with trouble and will not produce
any quantifiable safety improvement. On the other hand, confidentiality of the
reporters and blame-free culture might improve and support the nurse’s
involvement in near-miss events reports (Dyab et al., 2018). Leadership is a critical
element to the success of event reporting. EIKhider and Savage (2019) suggest that

that feedback should be given to the staff member who reported the event, clarify
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which near-misses need to be reported, simplify the process, and incentives to
reporters. Aaron (2020) reports that management can educate resident on their
professional duty to report and when incentives were used near-miss reporting
behaviors improved. Uibu (2020) recommend that hospitals can increase reporting
rates by providing systematic feedback to the whole organization, ensuring
education and resources for near-miss reporting an implementing follow-up activity.
Mangers’ actions have also an important role in promoting patient safety.
Implementing a prioritization framework (leveraging the concepts of Failure Modes
Effect Analysis and Analytic Hierarchy Process) enable hospital management to
identify events of greatest risk and invest resources for analysis and mitigation
(Liszewski, 2020).

To the best of our knowledge, the study of Barrachina and Gonzalez-Chorda (2016)
IS among the very few applying a game model to near-miss reporting by nurses in a
healthcare system. They presented a principal-agent model in which the principal
(the nurse manager) asks the agent (the nurse) to perform a task on a certain
patient. The nurse decides whether to report to the manager a mistake she has
made, in the knowledge that the manager can later observe whether the patient has
suffered from the accident. The authors considered four styles of error reporting and
analyzed the interactions between different leadership styles of the manager and
each style of the nurse. Calculating the equilibrium for each combination enabled

them to evaluate which of the four leadership styles is the best for error reporting.

e Research objectives:
By formulating various types of game theoretical models, this research aims to
study the dynamics between staff and management regarding the reporting of near-
miss events by the staff and the level of handling the reports by the management.
The results of these dynamics will be the rate of reporting on one hand and level of
investment (and the resulting expenses) of the management on the other. Gaining
some control on the rate of reporting will allow an efficient managing of the reporting

system and will thus contribute to the safety culture of the Health-care organization.
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e Methodology:
We formulate a game model based on the following. Staff members decide whether
to report a near-miss event or to ignore it, and the management decides on its
attitude to the report. That is, whether to handle the report thoroughly or poorly. The
staff member’s decisions are driven from the reward for reporting, determined by
the individual’s willingness to report on one hand and the management’s attitude
towards reporting on the other. We assume that willingness to report is randomly
distributed among the staff members. The management attitude towards reporting
is expressed by means of studying, analyzing, drawing conclusions, providing
feedback, and taking necessary actions if required. The extent of handling the
reports is determined by the cost of handling the reports and their impact on the
expected damage in case of disaster or a serious mistake. Three types of models
are constructed. (a) A stage game, where the staff members' willingness to report is
given; (b) a Bayesian game, where Staff members are distributed by types,
depending on their willingness to report near-misses and the management acts
according to its beliefs about the staff member type; and (c) an evolutionary game

that includes two populations with different payoff matrices.

Parameters and notations.

D, - The original estimation of the expected damage associated with a future

accident.

D, - The estimated expected damage given that a near-miss event was reported

and then poorly treated. We thus assume:

C,- A caring management’s costs endures by the reporting system.
C, - Extra cost for thoroughly handling reported events.

v(x) - A value function, increasing with a diminishing rate, that describes the impact

of investing extra cost x in thoroughly handling reported events on the estimated

expected damage if poorly handled.
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o - A parameter describing willingness to report of a staff member. This parameter

may either be known to the management, or a random variable whose distribution is

given.

r.(w) - The reward for reporting for a staff member with willingness to report @,

when his managers thoroughly invest in reports.

I, (w) - The reward for reporting for a staff member with willingness to report o,

when his managers poorly invest in reports.

a - The objective cost of reporting

Assumptions:

1. D,>D,
2. 0<C,<C,.
or,
3, %o 0 and r(0)=r,(0)=—-a<0
0w Ow P

The stage matrix

The normal form game is given by the following payoffs matrix

Employee reports Employee does not
report
Caring management thoroughly | D, —v(C))+C,, r.(®) D,+C,, 0
handles
Management poorly handles D, I, (o) D,,0

The expenses of each party at mixed strategies, when the rate of reporting by the
staff members is p and the management thoroughly invests in reported events with

probability q, is given by:

Management expenses - U, (g, p) = p((C,—V(C,)-C,)q—D, +Dg )+qCy+ D,
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Staff payoff - U, (@, p)=p(q-(F, (@) =1, (@) +1,(e))

e Findings:
When we regard willingness to report as a parameter known to the management,

we have two propositions:

Proposition 1. There are two possible Nash equilibrium points in pure strategies

and one in mixed strategies.

(i) If r()<0 then the employee never reports, hence p =0 andso ¢ =0

and U_(0,00=D,, U,(0,0)=0

(i) If r,(w)>0 then the employee always prefers to report, that is, p =1.By

non-degeneracy also ¢ =1, and so,

U,@)=0;-v(C)+C, U,LD= rc(a)) .
(iii) If r.(@) >0 and r (w) <0, we have a unique mixed strategies equilibrium

. C, . (o)

= , q =——>—"-—— ,and then
v(C)-C,+C, I.(w)—r,(0)

P

Uy (0, p) =D, -2 —Dr)

=D,-p'(D,-D.), S, p)=0
b uC)-C+C. pP(Do-Dr),  U(@,p)

Proposition 2: In a Stackelberg model with the management as a leader,
If Dy _V(Cl)+Cl <Dy, then Qm|* =1 pml* =1 and Um(ll) =Dy _V(Cl)+Cl
If Dy =v(C)+C,>D; then @, =0, p, =0 and U,(0,0)=D,

When we regard » as a random variable with cumulative distribution function F_,

we find that,
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Proposition 4: Assume willingness to report is randomly distributed with cumulative

distribution function F,. Let p*:L.
v(C)-C,+C,

() If F,'@-p")<r*(0) then necessarily p =0, (0,0) is the equilibrium point
and U_(0,0)=D,, U,0,0)=0

(i) If £,"(1-p")=r,7(0) then necessarily q =1, (L1) is the equilibrium point

and U, (1) =D,-v(C)+C,, U.,11=r(w) for a staff member of type .

(i) If r,"(0)<F,"(1-p’)<r,"(0), then mixed strategies Bayesian Nash

equilibrium is obtained when

* c, * 1 (F, - p))

P =VC)-cG, T E T ) p))

£ Co(Dy—D
In this case U,,(q;, p ):DO_M_

=D,-p (D, -Dy).
v(C,)-C, +C, b — P (D, —Dx)

When we analyze the evolutionary game and its dynamics, we show that for a
known value of willingness to report o,

Proposition 5: The evolutionary game based on the payoff matrices —U_ and

U," has four fixed points (1,0),(0,2),(0,0),(L,1). Furthermore,

(i) If r.(w)>0and r (@)<0,then (0,0)and (1,1) are asymptotically stable fixed

* * * _r
points. In addition, the point (q,, p) where q, :i and
rc(a))_rp(a))

* C

0

p =———>2——, is another fixed point that has a stable limit cycle but is
v(C)-C +C,

not asymptotically stable.

(ii) If r.(w)<0, then we do not have a mixed strategies fixed point. The point
(0,0) is a unigue asymptotically stable fixed point.
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(i) If r,(w)>0, then and we do not have a mixed strategies fixed point. The
point (1,1) is a unique asymptotically stable fixed point.

When 1, (@) >0 and r,(w) <0, the trajectories for the replicator dynamics at

(q,,p) are given by

q, =0, +A-cos(t + )
p,=p +A-sin(dt+9)

Where 9= Co(V(C) -C) 1y (@) -1 («) ;
(C, +V(C,) —C,) (I, (@) 1, ())

(9o, P,) is the initial state, q(0)=0,—q", p(0)=p,—p", Aza/q(0)2+p(0)2 and

arctg (ﬂ) if a© >0

5o p(0) p(0)
7z+arctg(q(o)) if q(o)so
p(0) p(0)

When we consider o as a random variable, the evolutionary game yields,

Proposition 6: The evolutionary game based on the payoff matrices -U,, and

U." with cumulative distribution function F,, has the following possible fixed points:

(i) If r(w)<O0 forall w, then the point (0,0) is a unique asymptotically stable
fixed point.

(i) If r,(w)>0 forall », then the point (1,1) is a unique asymptotically stable
fixed point.

(iii) Otherwise, the point (4, p),

G=1-F, (1, (0) +(F, (r, *(0) - F, (. *(0))d;
p=1-F, (r, " (O) +(F, (1, *(0) - F, (1, (0)))

-1,(F, - p) I
r(F, - p)-r(F, A-p)) “v(C)-C+C,

fixed point that has a stable limit cycle (but is not asymptotically stable).

Where q; =

is the expected
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The trajectories for the replicator dynamics at (g, p) are given by

G, = G+ A-cos(6t +6)
B, = p+A-sin(6t +5)

Where 9= \/ Co(V(C)=C) 1, (@) -1:() r,'(0) <w<r,*(0),

(Co+v(C) -C))(r.(@) -1, (@)’

G(0) = (F,(r, *(0) —F,(r.*(0))) g, — 4

(Gy, Py) is the initial state, ’
B(0) =(F,(r, " (0))—F,(r.*(0))) p, — P

A=G(0)°*+p(0)*  and

arctg (@) if a0 >0

5o p(0) p(0)
7z+arctg((3(o)) if (E(O) <0
p(0) p(0)

Numerical findings

We performed some numerical studies based on empirical research conducted by
Ebrahim and Ismail (2021) who explore nurses’ willingness to report and their

perception of patients’ safety culture. The following figures describe our results.
Fig.1 and 2 outline the impact of the extra cost C, on the rate of reporting at
equilibrium p”, the level of handling report, q*E[w] and the level of handling reports,
q; , when considering willingness as a random variable We use the set of values:

E[w]=156, a=1 ,C,=15, o =0

1

00

For Fig. 1 we assume v(x) = 2x—0.02x*. Focusing on the range where there exist
non-trivial mixed strategies equilibrium, we take values of C, in the range [16,43].

We see that pincreases in the given range and that q; > g,
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—p* ——q*(1.56) q*f

However, the behavior of p’, q',, and q; depend on the value function v(x). If we
take v(x) =2.3x—0.02x?, then there is a mixed strategies equilibrium when C, varies

in the range [44,56] . In Fig.2 we see that in this range, p has a minimum, the

shape of the increasing q; has changed, and moreover, q; <,

v(x)=2.3x-0.02x?

0.45

0.4
0.35
0.3
0.25
0.2
0.15
0.1

0.05

25 27 29 31 33 35 37 39 41

—p* —q*(1.56) q*f
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We then perform numerical study for the evolutionary game. We first study the

stable point (0", p') when willingness to report is considered as E[w] =156, hence

satisfies a< E[a)]<i. In this case the mixed equilibrium point
o

(q*_ a—Ota) * CO

= ,p=————2——| is a stable point for the system of differential with
l-a)o v(C,)-C,+C,

a stable limit cycle.
In Fig. 3 and 4 we describe the respected trajectories of g, and p, for two different

initial values (q,, p,). We use the following set of values

a=1 ,C,=15 C, =30, v(C,)=42, a:%:O.S E[e] =1.56.

1

E AN
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Consider now willingness to report as a random variable. In Fig. 5 and 6, we

describe the respected trajectories of ¢, P, for the set of values

a=1 ,C,=15 C,=30, v(C,)=42, a:%zo.S E[w] =1.56.
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e Discussion and Conclusions:
The rate of reporting at mixed strategies Nash equilibrium and the management
expenses do not depend on willingness to report of the staff members, but on the
cost of maintaining a reporting system and the extra cost caused when investing in
thoroughly treating reports. When the rate of reporting is higher, an achievement
desired on its own, the management expenses are also lower. Hypothetically, the
management can control the rate of reporting by determining the extra cost. Yet, the
impact of increasing the extra cost is measured by a value function, which may or
may not increase the rate of reporting, depending on the behavior of. Anyhow, in
the current model we do not refer to the extra cost as a decision variable of the

management, but as a given parameter.

The staff members’ willingness to report and the resulting personal reward, affect
the required level of the management’s investment in handling reports at the
equilibrium. The level is weighted between 0 (poor) and 1 (thorough). The higher
the staff willingness, the lower the required level of the management’s investment.

The management may affect willingness to report and the personal reward

2020 17 6.0n 0910



indirectly, by educational activity, incentives, and encouragements. The
management can however decrease its level of investment directly by decreasing
the objective cost of reporting. This can be done for example by applying an
efficient system of reporting, which will make it easier for the staff to fill out

appropriate reports.

When the staff willingness to report is a random variable, the management acts
based on its beliefs regarding the strategies and payoffs of the staff. The rate of
reporting at equilibrium, and the management expenses are the same for the

random case and for the known one parameter willingness. This is no longer true
for the level of the management’s investment at equilibrium, g , regarding the
random variable willingness to report. The level of the management investment
depends on the distribution of willingness among the staff. Explicitly, it results from
the percentile 1— p” of the distribution of willingness to report, where p’is the rate

of reporting at equilibrium.

The evolutionary model provides similar insights with somewhat different
emphases. The edge cases, in which the rewards for willingness to report are very
low or very high, will lead in the long term to the respective edge results of zero or
full reports. In the common case when willingness to report is a known parameter

 , the dynamics has a fixed point (g, p°), which is not asymptotically stable,

identical to the mixed strategies equilibrium point. The fixed point shares its
properties and the sensitivities described above. We find moreover, a periodic

fluctuation around it.

When willingness to report is considered a random variable, the expected fixed

point, (G, p), results from (i) the weight of the very low values of willingness that
converge to zero reporting and zero treating, (ii) the weight of very high values of
willingness that converge to full reporting and full treating reports, and (iii) the
remaining (common) weight that generate periodic fluctuations around (q;,p’) , the

mixed strategies equilibrium point. The amplitude around the expected fixed point is

the same amplitude as above, multiplied by the weight of common willingness.
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Under the assumption that the management’s objective is to increase the rate of
reporting, thorough treating of the reports usually causes the desired reaction,
either as best response or evolutionarily. However, if the reward for reporting, which
depends among the rest on the initial willingness to report, is too low, even full
treating may be unusable. In this case, the management should find ways to
increase the reward for reporting. This may be done by either decreasing the
objective cost of reporting, or increasing willingness to report in all possible ways —

education, safety culture, feedback etc.

When the management’s objective is minimizing expenses, while increasing reports
is a secondary outcome, then the rate of reporting arises as equilibrium of a game
or a steady point of a certain dynamics. Yet, the implications on the management

behavior are similar.
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