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Abstract—Complete autonomy of robots and information
technology in the operating room may one day be possible, such
that decision support systems give way to decision surrogate
systems. A binary of ‘control’ and ‘slave’ defines the current
relationship between human surgical teams and medical robotics.
Yet recognition of our own limitations motivates the development
of these technological platforms. Endowed with a modicum of
sensory faculties, humans bootstrap their sensitivity to data by
enlisting the services of machines. However, in spite of our drive
for information in surgery, we often struggle to design work-
systems that simultaneously increase situation awareness and limit
exposure to extraneous data. Cognitive overload continues to be
problematic in spite of attempts to refine and simplify surgical
intervention. It is therefore incumbent upon designers to stratify
information pathways that alleviate the cognitive burdens stunting
pragmatic decision-making in the operating room. We have
proposed a framework for this endeavor.
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Glossary of Key Terms
t = time

k = signal source

X = sense type

i = surgical task (technical or non — technical)

Jj = sociotechnical agent (man or machine)

Qg xi¢ = amount of attention invested to signal
l;+ = naturally discarded cognitive load

Tixj¢ = rate of return (signal to cognitive load)
CL;; = individual cognitive load

S[U(CLUI)] = expected utility of information load
K; . = {kq, ..., ky} = signals currently observable
Ki:= {Kl, ---'Ke} = signals currently not observed

Ej,t = {kl, v by kg, ...,Ee,} mixture of signal types

. INTRODUCTION

Mitigating and averting cognitive overload is a systems design
problem. Unlike when a consumer firmly accepts a product’s
pros and cons after purchase, surgeons should not have to settle

for the ostensible limitations of the cognitive sociotechnical
system in the operating room (OR). The system is a product in
its own right, with features that are complex and dynamic as is
most healthcare delivery [1]. For our purposes the
sociotechnical system is comprised of any agent that can share
information in the OR—simply put, man and machine.

One utility of a machine is determined by what data it can detect
and how well it communicates that data with other entities when
they need it the most. From a reductionist perspective, each
human is a set of sensory systems with cognitive capacity—a
machine of sorts. Electronic devices, robots and other
technologies can have sensitivities to data imperceptible to
humans, but without sufficient programming the richness of the
data economy can overwhelm the humans for which it is
intended, or potentially even be squandered by them. While
technological barriers currently prohibit perfect synergy
between humans and robots, another rate limiting step exists—
work. Surgical staff have multiple responsibilities that they
must juggle during the course of an operation. These duties are
inconsistent across professional boundaries, are not ubiquitous
over different timeframes, nor does each task share the same
priority [2].

If one clinician is enduring cognitive overload we must
consider prioritizing the sources and means of delivering
information [3-5], determining the triviality of certain data in
the moment, transmitting the right data to avoid additional
overload, reconfiguring data so that all mission-critical
information can be chunked [5-6].

Eliminating cognitive overload in the operating room means
marshaling information flow. In order to accomplish this
undertaking we must have a good estimation of what the current
intraoperative phase is, which data is most clinically important
and who is focused on that data. Information theory lends itself
to assessing the data volume and uncertainty [7], however we
must synthesize this backbone with concepts from psychology
and design to repurpose the data for easier detection,
articulation and processing.

II.  COGNITIVE LOAD THEORY AND SURGERY

A human’s ability to establish and sustain an appropriate level
of situation awareness in an environment depends upon the
individual’s working memory capacity [8]. This capacity is
limited by intrinsic cognitive load and diminishes with larger
exposure to external stimuli [4]. Consequently attentiveness to
new data, synthesis of old and current information and



articulation of relevant concepts in a timely manner are
compromised. Inability to communicate new ideas, request for
confirmation or deliver an appropriate response in the OR can
cause discrepancies in the collective understanding of surgical
stage and protocol [9]. Such divergence can have a malignant
effect on intra/inter-team coordination.

Studying working memory capacity and cognitive loads has
been attempted in many psychological experiments [10].
Computer simulations have been developed to estimate related
metrics in response to different didactic tools and changing
environments [11]. Even measures for comparing the
similarities between dynamic mental models have been
considered [12]. A formal scale, the NASA-TLX index has
been used to disavow the notion of “sterile-cockpit™ in cardiac
surgery because of the variances in cognitive load experienced
by different members of the clinical team over intraoperative
phases [13].

The input gateways to the human brain are the senses and each
individual has finite thresholds for sensory load [14]. As each
stimulus signals the brain, the working memory capacity is apt
to decrease, though not always [4]. The information that
humans absorb in the operating room comes primarily from
four senses—sight, audition, tactition and proprioception.
Gatekeeping data is profoundly important, or else information
overload will ensue.

The emergence of technologies that collect data from eye gaze,
electric signals in the brain, heart rate, pressure, sweat etc.
during activity elucidate upon the duress endured, mechanisms
activated and allow for more complete models of cognition
[15]. Leveraging these innovations in the operating room can
have an acute effect on gauging how prone a clinician might be
to committing an error. Furthermore if latent cognitive loads
inhibit rational decision making and group engagement, then
accurate and quick detection of reduced working memory
capacity could allow an intelligent system to preempt dialogues
before information is left unconsidered.

Il.  SYSTEM DESIGN

Unlike with conventional design theory, when the sensory
mechanisms of humans do not satisfy all of the operational
needs there is little opportunity to augment their range of
sensitivity or add another sensory organ in real-time. Humans
are the way they are: a completed package, fallible and require
help.

An ideal design demands that at a given time each functional
need is performed by a single component, which prevents
undue coupling [16]. Surgical staff are often forced to meet
multiple needs simultaneously and their sensory processing
systems are being innervated by more than one stimulus at a
given time. Resource competition theory of cognition intimates
that in spite of sufficient resources of neurons to handle various
sensory inputs at a given time, the human brain is wired such
that perception of external data creates a hegemonic conflict for
the same neural networks [17]. Ability to use a sense for
perceiving task performance appears to be coupled with both
the concomitant tasks and other senses being activated.
Therefore a smart distribution and partitioning of the

sociotechnical product is needed for improving work efficiency
from a human perspective [18].

IV. TEMPLATE OPTIMIZATION PROBLEM
Dynamic portfolio analysis

The first step in our solution method is to optimally distribute
intraoperative information to clinicians given their current
sensory loads and task-related needs. This means that their
cognitive load must be held below a certain threshold and the
utility of the information provided to them maximized. Such a
process is akin to managing an investment portfolio across
different time frames [19]. In this step, the market is
constrained to one person and information resources are
shuffled to various senses. This is iterated for each person and
we first create a map of best information dispersion for each
individual to best accomplish the goals set out for them.

Some key assumptions we have made are:

o the activity of all four senses in question can be
measured in real-time

e aprobabalisitc model can be constructed to
demonstrate the likelihood of sensory occupation
with a task

e cognitive load, sensory and working memory can be
quantified and approximate overload thresholds
defined

o the relationship between specific task perfomance
and outcomes measures is known

Each team member has a task-specific cognitive load measured
at every time step, Egn (1). Cognitive loads for each successive
time step are determined by the previous cognitive load, an
estimate reduction in load caused by limitations in human
working memory, the sensory attention dedicated to a given
signal and rates of cognitive load return for each sensory
commitment. Rates of return, a, ., act as discriminating
multiplicative factors because investment in one sense likely
influences how much mental stores can be devoted to a different
sense or signal.
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We have written step one of our method as a discounted
dynamic programming problem with two objective functions
[19]. The first, @, imposes a limit on the cognitive load
customized to each human agent at a given time. O, dictates
that the utility of the limited cognitive load must be maximized
depending on the goal (or goals) of the human operator.
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0, > CLj; <Lj; (2a)
0, » max{e[U(CL;,)]} (2b)

A weighted multivariable utility optimization [20] will most
likely be required because staff typically are concerned with
patient safety, stability and resource utilization among a litany
of other factors.



Asset selling

Ultimately however we are not striving to optimize the
performance of individual agents autonomously, but to create a
global system optimum for the OR so that all of the desired
outcomes are achieved. The second step of our conceptual
method is to expand the sensory marketplace to include all
individuals, and eventually technologies. Similar to the
financial analogy described above, information can be used as
a currency whose value depends on how much utility it confers
to the user [19]. If a global optimum can be achieved through
exchange of information (or in this situation engineering the
likelihood of an agent receiving that information) then these
data assets should be traded fluidly.

Instead of moderating which information types are appropriate
for just one person to complete a set of tasks with given priority,
the second step allows for data carrying a semantic and
clinically-relevant property to be distributed among agents in
the OR sociotechnical system. For example, let us assume that
there are two clinicians (j=1,2) in the operating room each able
to observe one information bearing signal apiece, ki and
k.. Due to physical partitions in the OR both clinicians are
obstructed from observing the other signal. According to this
definition, Ky ={ki}=Ksand Kz ={k2}=K1+. However, should
the utility of receiving information conveyed by ki be more
valuable than k; to j=2 at a given instance, then j=2 can "sell
off" or discard k» so that he can be delivered ki. This is not to
say that we are censoring signals altogether, but rather limiting
their exposure to those who might want or need them more.
This is analogous to resituating a left-handed person to the left-
end of a rectangular dinner table if they are bumping arms with
their neighbor or offering a sign-linguist for the hearing
impaired.

The decision rule for a next-state oriented scope is elementary.

if max{e[U(CLy;en)]} 2 max{e[U(CLyjeen)]} @)

then "sell" {ky_pn11, ., ky}, "purchase" {ky, ..., k' } aftert
otherwise keep K, = {ky, ..., ky} fort +1

However, what if we want to maintain a certain level of
observable signal stability such that immediate information
needs are trumped by routing policies that will likely yield more
longitudinal efficiency and success? In such a case we would
expand the horizon limits of our time frame [19].

V.  APPLICATIONS IN THE ROBOTIC OPERATING ROOM
Present Day

Although Wadhera and associates measured disparities in
cognitive loads between teams during intraoperative phases,
there is no implication that manufacturing differentials in
cognitive load alone enables sufficient situation awareness and
application of other non-technical skills by less affected teams
[13]. This level of assessment must be done for each clinician.
Nonetheless, teams’ interdependent workflows during surgery
mandate essential communications of data which inform the
decision to safely proceed with the next task [9].

Inclusion of a control-slave medical robot, like the da Vinci
(Intuitiv Surgical, Inc, Mountain View, CA) into the milieu of
the OR has the potential to exacerbate information
communication dilemmas because of the physical disconnect
between surgeon and other clinicians, limiting the sensory
parity [2,21]. While some ORs are retrofitted with microphone
systems that amplify voices to be fed through room or robot-
control speakers, the ability to detect change and make
inferences based upon directed or incidental observations is
severely compromised. Thus, improving the mechanism for
hearing communications does not rectify the issue of knowing
when to elicit the correct information, but instead serves as a
specious solution. Attentional blindness to these external
events may in fact diminish a surgeon’s external sensory or
cognitive load, but the positional change from the table to the
robot controller forces a surgeon to exert more effort in
constructing and updating a mental model of team dynamics
[3]. Working with robot in the OR introduces this complication
as an unacceptable backslider.

Near Future

Having the ability to quantify cognitive load can be
instrumental in eliminating denial as a deterrent from seeking
help. Psychologically, some surgeons might be conditioned to
believing that asking for assistance is tantamount to conceding
their own shortcomings [22]. After hours of operation and the
need to manage (or be observant of) many facets of care
coordination, both physical and mental fatigue become salient
obstacles to prudent decision-making. In a high-consequence
environment like the OR, the perceived need to preserve ego
and reputation should be relegated in priority compared with
the overarching goal of providing therapeutic intervention for
patients. If a personal cognitive load threshold is met, then the
system could cue the OR suite manager of a need for relief.

From a robotics perspective, this same recognition could signal
an array of “on-call” systems to gradually assume many of the
menial or peripheral responsibilities (physical or supervisory)
so that the surgeon can remain fully concentrated on the
technical craft. In such a fashion, humans are not relinquishing
control of the operating room to automation per se, but instead
allow their confidence in cognitive surveillance to maintain
continuity. What was once known as computer supported
collaborative work could be afforded a new moniker—
cognition attentive robotic assistance (CARA). Automobiles
now have the ability to prompt steering correction for the
drowsy driver and mobile phones adjust their setting when
attention is diverted away from the screens. Because of these
advancements, applications to the manipulation of robotic
instruments appear tractable. Although some pundits will
undoubtedly remark that human control in the surgical domain
must remain sacrosanct, hopefully this serves as an acceptable
compromise.

Distant Future

Looking more towards the distant horizon we can conceive a
future where the cognitive loads experienced by surgical staff
do not just prompt the OR information technology network to
algorithmically rearticulate information or activate robotic
“auto-pilot” features, but to dictate the physical and functional
identities of machines themselves.



As morphogenic robots mature conceptually [23] and become
actively integrated into the conversation of appropriate
functionality in the OR, we envision that information
“shunting” will also play a key role in determining what
structural adaptations have a high-degree of fitness in an
evolving environment.

V1. CONCLUSION

In assessing the novelty of this method, we do recognize that
others have embraced a similar approach [24-25]. However
these formulations are within a different context, use different
inputs and have dissimilar time constraints. It should be noted
that our method remains a kernel of an idea rather than an
empirically validated approach. Nevertheless we feel strongly
that measurement of cognitive and sensory loads for the
reconstruction and rearticulating of information signals in the
OR has significant potential to push the envelope of surgical
patient safety innovation.

The objective is thus to alleviate cognitive overload by
entrusting a larger cognitive network to remediate individual
oversights and misinterpretations of information. However
competent a surgical worker may be, he or she can only
metabolize a limited amount of information while performing
clinical task-work. Crafting a system that ensures clinicians’
working memory can be strictly geared towards recalling
medical training, past scenarios, previous patient status and
developing case strategies instead of being inundated with
superfluous information should be the underlying motivation.
By our hypothesis, this will reduce the amount of preventable
errors [26].

Constant fluctuation of task performance is not appropriate for
people in a live OR. Some consistency must remain. Therefore
the time intervals for measuring sensory loads and estimating
informational utility require litigious selection. ~ Custom,
training deficits, dependence on protocol and human fallibility
would most likely prohibit safe execution of tasks in a
constantly changing environment. However, each moment of
time provides a glimpse into how the sociotechnical system is
structured and thus we can provide snapshots of potential
improvements. Humans and technology should work
collaboratively where the shortcomings of one can be
compensated for by the other’s abilities. Should the extant
agents not complement each other perfectly, then that is
evidence for an innovative need.
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