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Abstract. We report on the experimental investigation of aerosol particle spreading in an operation room.
Different configurations regarding the source position or representative movements of the staff in the room
are analyzed. The data acquisition is performed using a sensor grid of more than 50 particulate matter sensors
at a measurement frequency of approximately 1 Hz operated with the DLR’s mobile measurement system
(MMS): This allows for a reasonable resolution in space and time. The measurement campaign was
performed within the framework of the c3vis project in the teaching operational room of the OTH Amberg-
Weiden. First results showed that the aerosol particles exhaled by the standing source are down-washed by
the airflow and reach, strongly diluted, one of the sensor positions above the operation table next to the
standing source. Local concentrations as low as ~1.5% of the exhalation concentration are found. All other
positions above the operation table show a particle concentration close to zero. With a certain time delay the
cloud of exhaled aerosol particles reaches single other sensor locations on its way towards the exhaust
openings, while being further diluted (=0.03% of the exhalation concentration). During the dynamic case,
we found neglectable effects when the doors were opened or closed, a weak effect caused by the movement
of the staff through the room and a strong effect on the aerosol concentration above the operation table when
the surgeon was operating on the patient.

1 Introduction

Ventilation in operation rooms (ORs) is a critical
component when it comes to maintaining a sterile
environment and to avoid cross-contamination. The
design and implementation of effective ventilation
systems in ORs are subject to rigorous standards and
recommendation guidelines stipulated by authoritative
sources in the field of healthcare facility design.
Organizations such as the American Society of Heating,
Refrigerating and  Air-Conditioning  Engineers
(ASHRAE) and the Centers for Disease Control and
Prevention (CDC) offer guidelines that emphasize the
importance of achieving optimal air exchange rates,
filtration efficiency, and air cleanliness in ORs. The
ventilation systems typically incorporate high-
efficiency particulate air (HEPA) filters to remove
micro-organisms and airborne particles.

Thus, high effort is invested to avoid particle transport
from the patient’s wound to present staff and vice versa
by well-guided airflow from the ceiling to exhaust
openings at floor level [1] — similar to the ventilation of
clean rooms well known from, e.g., space industry
during the assembly of optical measurement systems.

* Corresponding author: daniel.schmeling@dlr.de

For a better comparison and to ensure sufficient air
quality, many different standards are available
worldwide. Some of these are summarized and
compared in a review article by Melhado [2].

In general, most studies aim at assessing the ventilation
quality in operation rooms addressing the relationship
between operating room ventilation systems and
surgical site infections (SSIs). In this context, the critical
role of ventilation is to maintain a sterile environment is
commonly emphasized. In specific, the different
research groups discuss, e.g., the impact of air exchange
rates, filtration methods, and airflow patterns on
reducing microbial contamination and the subsequent
risk of SSIs [3-7].

Most studies in the literature focus on static scenarios
without any movement of the staff in the OR. However,
it is well-known that the movement of persons influence
the airflow and thus also increases the potential particle
transport by the airflow. As an example, the study of
Wood [8] is cited, who analyzed the transport of
contaminants by walking persons in the ward of a
hospital. Additionally, the staff in the OR may disturb
the well-designed vertical airflow by, e.g., leaning over
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the patient to perform specific operation procedures.
Such a dynamic bending process of the surgeon was
analyzed by Chow and Wang [9] in a computational
fluid dynamics analysis with generic persons in the OR.
They found that when all surgical staff stands upright
without moving, the ventilation system can keep the
concentration of bacteria-carrying particles (BCPs) to
less than 1 cfu/m?® within the surgical critical zone. But
in the scenario considering the periodic bending, the
movement of a surgeon can cause the concentration of
BCPs within the surgical critical zone to exceed the
recommended 10 cfu/m®.

As there are still very few scientific studies on the effect
of the movement, we address this point in the present
manuscript. First of all, we have investigated different
static postures of the surgeon and secondly, we have
experimentally measured the local aerosol particle
concentrations for a dynamic scenario where one
assistant left the OR, re-entered with some surgery
instruments, handed them to the surgeon who then
started to move with the instruments. Furthermore, all
measurements have been performed in a realistic
environment with a heat-releasing patient manikin, real
humans acting in the OR, performing typical motions as
taught in medical education.

2 Experimental Setup and Methods

The measurement campaign was performed within the
framework of the c3vis project in the teaching
operational room of the OTH Amberg-Weiden [10].
Details on the room including the installed ventilation
system and the installed measurement systems as well
as the investigated parameter combinations are
presented in this section.

2.1 Operation Room

The operation room, or operation room where the
measurements were performed is an original and fully
equipped room used for the medical education at the
OTH Amberg-Weiden, see Fig. 1. It is equipped with a
state-of-the-art  ceiling-based air supply system
consisting of 30 half-spheres to provide a low-
momentum high-efficiency particulate air (HEPA)
filtered clean air supply. 22 of these supply air openings
are positioned in two circles directly above the operation
table and provide a volume flow rate of 6450 m3/h. The
other 8 supply air openings are distributed over the rest
of the ceiling and generate an additional volume flow of
2500 m/h. The exhaust air openings are located in the
lower sidewalls 0.25 m above the floor close to the four
corners of the room. The installed system ensures a well-
guided downward-oriented airflow in an inner region in
the operation room with the operation table in its center,
see also [11, 12]. The dimensions of the room amount to
approximately 7.75 m x 5.70 m x 2.75 m (L x W x H).
The operation room is connected via an automatic
sliding door to the adjacent preparation room.

Fig. 1. Sketch of the operation room (top) and image of
the operation room equipped with local sensor racks.

During the measurements we used a thermal manikin to
simulate the patient and real humans as surgeon and
staff. An infrared image of a typical scenario, i.e. the
simulation of a regular laparoscopic procedure, during
the measurements is shown in Fig. 2. The red areas
reflect the warm heads and hands of the staff as well as
the uncovered abdomen of the patient. The blue vertical
and horizontal struts are the holding tripods of the
particulate matter sensors, which are also visible in
Fig. 1 and which are described in the following section.
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Fig. 2. Infrared thermography of the patient and the
operating staff.

2.2 Particle Generation and Detection

The experimental analysis of the aerosol spreading
comprises the generation of the aerosol particles and the
local detection of the aerosol particle concentrations (for
details see Schmeling et al. [13]). This measurement
system has already been successfully applied in aircraft
cabins [13] and train compartments [14].

2.2.1 Aerosol Generation

The aerosol generator consists of an airbrush pistol used
to disperse a constant mist of artificial saliva (mixed in
accordance with NRF 7.5, receipt see [Schmeling]).
After the initial generation, the particles are guided
through a settling chamber. The setup is designed in
such way that the particles already have an age of more
than one minute before being released into the room, i.e.,
all evaporation processes are expected to be finished,
and pure dry particles are released. The particle size
distribution of the generated particles shows that
particles with diameters in the range between 0.3 pm
and 2.5 um are produced covering the range of particle
sizes produced during normal breathing, for example. It
should be noted that much more particles are released
compared to a normally breathing human to increase the
signal-to-noise ratio of the measurements. The aerosol
particles are released into the room using a generic face
— also known from first aid courses — which is mounted
in the breathing zone of the surgeon, see Fig. 4, for cases
1 and 2. Please note that the spreading of larger particles
which might be produced during, e.g., coughing,
sneezing or talking, is not investigated in the present
study as these particles are filtered by the surgical masks
very effectively and thus should not be released in high
concentrations in an operation room.

2.2.2 Aerosol Detection

For the acquisition of the local aerosol concentrations at
many positions in the operation room, the mobile
measurement system of the DLR was applied [15, 16].
Low-cost particulate matter sensors (Sensirion SPS30)
are used, ensuring an accuracy of 20 #/cm? or 10% of
the measured value (whatever is larger). The data
acquisition is performed using a sensor grid of more than
50 particulate matter sensors at approximately 1 Hz
measurement frequency allowing for a reasonable
resolution in space and time. The sensors were mainly
installed at three different heights, i.e., 1.20 m, 1.70 m
and 2.20 m above the floor, with 14 sensors per height,
see green stars in Fig. 3. The six inner positions
correspond to the operation table ‘TAB’, the next four
positions to the circle around the table ‘CIR’ and the
four outer positions to the vicinity ‘VIC’. At the
positions ‘CIR’ and ‘VIC’ additional sensors are
installed at a height of 0.45 m. Furthermore, two sensors
are installed next to the exhaust air openings, see blue
stars in Fig. 3, at a height of 0.25 m.

The background concentration of aerosol particles in the
operation room was below the lower detection limit of
the applied measurement systems confirming the proper
installation and function of the HEPA filters in the
supply air system.
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Fig. 3. Sketch of the Particulate Matter Sensors in one
selected measurement plane. The green stars mark the
positions of the sensors attached to the tripods. The blue
stars mark the additional sensors next to two of the
exhaust air openings. The blue bars in the top right corner
represent the two doors of the operation room. The red dot
marks the position of the head of the patient and the black
square represents the position of the aerosol source, for
cases 1 and 2 in the exhalation zone of the surgeon and for
case 3 below the ceiling.

2.3 Investigated Cases and Configurations

The investigated cases can be divided into two main
categories: Firstly, particles are released through the
exhalation of a member of staff in the room which might
potentially settle in the operation wound, see Fig. 4.
Secondly, the aerosol particles are released in the ceiling
area above and slightly next to the position of the
standing surgeon. While the first case represents a
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realistic aerosol source location, the second case is
chosen to increase the knowledge on the air low pattern
in the room and to evaluate the impact of movement, i.e.,
dynamic situations on this general airflow pattern.

Three different test cases are presented in this paper and
summarized in Tab. 1. The dynamic case 3 comprises a
typical configuration during an operation. Firstly, a
member of staff leaves the operation room to get some
additional surgery instruments or other equipment
(t=300 s). Five minutes later, the person re-enters the
operation room (t = 600 s), walks to the assistant at the
operation table and hands over the box with the
additional instruments (t=640s). At t=900s, the
surgeon starts to use the instruments and operates on the
patient for five minutes. Afterwards, the surgeon stops
and removes the instruments (t = 1200 s). The other two
test cases are static configurations with (case 2) and
without (case 1) the hands of the surgeon at the
instruments. The aerosol exhalation is simulated in the
breathing zone of the surgeon for these cases, see Fig. 4.

Fig. 4. Aerosol exhalation for standing staff and local
aerosol concentration probes above the patient. (case 2)

Tab. 1: Summary of test cases.

Source Remarks

Case 1 Surgeon  Static

(ID42) No use of instruments

Case2 Surgeon  Static

(ID43) With hands on instruments

Case 3 Ceiling Dynamic case

(ID41) t = 0 s: start of aerosol source
t=300s: open door, person
leaves OR (1)

t =600 s: open door, person enters
OR (2), brings box to assistant
(arrives at t=640s)

t=900 s: surgeon uses
instruments in the abdomen of the
patient (3)

t=1200s: surgeon stops and
removes instruments (4)
t = 1500 s: stop of aerosol source

3 Results

First, we will discuss the stationary case with the aerosol
source in the breathing zone of the surgeon. After having
exemplarily shown concentration-time curves of
selected measurement positions, we will compare the
spreading behavior of the particles for the cases 1 and 2,
i.e., with and without the hands and arms using the
surgery instruments above the patient.

In the second sub-section, we will evaluate the dynamic
case 3, where the door is opened twice, a person walks
through the room and the surgeon works for 5 minutes
with the above the patient using the surgery instruments.

3.1 Source at Surgeon

First results showed that the aerosol particles exhaled by
the standing source are down-washed by the airflow and
reach, strongly diluted, one of the sensor positions above
the operation table next to the standing source, see Fig.
5 (top). Local concentrations as low as =~1.5% of the
exhalation concentration (c.f. N =3000 #/cm®) are
found. All other positions above the operation table
show a particle concentration close to zero. With a
certain time delay the cloud of exhaled aerosol particles
reaches single other sensor locations on its way towards
the exhaust openings, see Fig 5 (bottom), while being
further diluted, =0.03% of the exhalation concentration
(c.f. N = 60 #/cm?).
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Fig. 5. Exemplary concentration-time curves at selected
measurement positions above the table in the downwash
area of the exhaled particles (top) and at 1.20 m height in
the vicinity (bottom) (stationary case 2). The aerosol
source was stopped at t = 300 s. Note: different y-scales
are used.
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release of the persons. In the higher measurement plane
(Fig. 6, top), we only recorded values which are
approximately a factor of 30 lower than the highest

@ . value. However, in this plane, at 1.70 m, some particles
) i ' were detected in the vicinity (VIC) in the right half of
o K 3 ® the operation room, i.e., on the side where the surgeon
°® q l, was standing. A similar pattern, but with slightly higher
values was also detected above the floor on the 0.45 m
o ® O measurement plane, see Fig. 6 (bottom).
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Fig. 6. Spatial spreading of the aerosol particles for case 1

(no use of surgery instruments) recorded at three different

heights: top: 1.70 m; middle: 1.20 m and bottom: 0.45 m @
above the floor. The black square represents the position

of the aerosol source below the ceiling.

Figure 6 presents the spatial distribution of the time- _ _

averaged local aerosol concentrations at three different 100 10 102 10
heights: 1.70 m (top), 1.20 m (middle) and 0.45 m

. ) N [#/cm?
(bottom) for the case 1, i.e., the aerosol source in the [ ]
breathing zone of the surgeon and without the use of Fig. 7. Spatial spreading of the aerosol particles for case 2
instruments. The highest particle concentration was (with hands using the surgery instruments) recorded at

three different heights: top: 1.70 m; middle: 1.20 m and
bottom: 0.45 m above the floor. The black square
represents the position of the aerosol source below the
ceiling.

found for the intermediate height directly above the
table and directly below the exhalation zone of the
surgeon. Accordingly, in the region directly above the
operation table, i.e., below the majority of the ceiling air
supply openings, the forced downwash of the air
outbalances the thermal plume induced by the heat
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Figure 7 presents the same evaluation as Figure 6, but
for the case with the hands of the surgeon using the
instruments above the patient, c.f. case 2. Again, the
highest local particle concentration was found at table
height directly below the exhalation region of the
surgeon. The rest of the aerosol particle distribution in
the room at the other heights is also very similar to
case 1. Accordingly, we can conclude that the different
positions of the hands and arms of the surgeon and
his/her instruments do not change the overall flow
pattern in the operation room.

However, case 2 revealed much higher local
concentrations compared to case 1. Above the table,
values were recorded, which were approximately a
factor of two higher. As a result, we summarize that
locally strong changes of the particle concentrations
occur, especially in the direct region of the downwash
of the exhaled air with high particle concentrations.

3.2 Dynamic Case: Source at Ceiling

Figure 8 shows the time-concentration curves for four
selected measurement positions during the dynamic
case. Additional vertical black dash-dotted lines are
included representing the moment (1) the door was
opened for the first time and the staff person leaves the
operation room (t = 300 s); (2) the door was opened the
second time and the person re-entered the operation
room with a box which is then carried to the assistant at
the operation table (t = 600 s); (3) the surgeon started to
work with the instruments above the patient (t = 900 s);
and (4) the moment the surgeon stopped working with
the instruments (t= 1200 s). The last red vertical line
indicates the time the aerosol generator was stopped.
The four measurement positions are at floor level in the
lower right circle (a) and at three different positions on
the table at a height of 1.20 m. Here (b) was at the lower
end of the operation table on the side of the surgeon, (c)
in the central part of the table on the side of the surgeon
and (d) on the opposite side of (¢). At this point it should
be noted that all other particle sensors in the room did
not show significant changes during this measurement
run.

The first thing to note is that the initial opening of the
door at t =300 s as well as the second door opening at
t =600 s do not have a significant influence on the local
particle concentrations. However, shortly after the
second door opening corresponding to the time, when
the staff arrives at the operation table at t = 640 s (see
also Tab. 1) we observe a short but strong increase of
the local particle concentration at the sensor at floor
level from zero to more than 200 #/cm?, see Fig. 8 (a).
This peak can be attributed to a transient flow field, e.g.,
in the wake region of the moving staff, which transports
the particles to the sensor position. Simultaneously, we
observe a small yet visible change of the aerosol particle
concentrations in the central part of the operation table,
see Fig. 8 (¢) and (d). This indicates that the airflow
above the table is also weakly influenced by the moving
person and the transport box being handed over to the
assistant next to the operation table.
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Fig. 8. Local aerosol particle concentrations at for selected
positions for the dynamic case 3. (a) CIR4-045, (b) TAB6-
120, (c) TAB2-120, (d) TAB5-120. Note: different y-
scales are used. Activities at (1) to (4), see Tab. 1.

The most significant change, observed at all four
measurement positions, is found for the time period in
which the surgeon is using the surgery instruments
above the patient, i.e., t = 900 s to t = 1200 s. During the
activity, that is, while the surgeon is performing
operation-like movements with the surgery instruments
above the patient, a strong change of the local aerosol
concentrations above the operation table can be
observed. Here, the airflow with the aerosol particles is
deflected by the movement and the additional
obstructions above the patient resulting in decreased
values directly below the original downwash, see Fig. 8
(c). Simultaneously, the local concentration increases at
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the opposite side of the operation table (d) and reaches
regions, which had not been affected by the particles
before at (b).

The findings highlight the effect of dynamic situations,
i.e., motion of the surgeon and the staff in the operation
room on the local aerosol particle spreading.
Furthermore, the data will help to establish a data base
for the validation of computational fluid dynamics
simulations of the airflow at such dynamic
configurations.

4 Conclusions and Outlook

This paper presents an experimental investigation of
aerosol particle spreading in an operation room.
Different configurations regarding the source position or
representative movements of the staff in the room are
analyzed.

Firstly, we found that the position of the surgeon, i.c.,
with or without the hands using the surgery instruments
above the patient, does not change the overall
distribution of the particles exhaled in the breathing
zone of the surgeon. However, especially on the
operation table, the local particle concentrations change
by a factor of about two. This finding implies that a
precise knowledge the transport paths of exhaled or
otherwise generated aerosol particles will help to reduce
possible cross contaminations. In specific, blocking the
transport paths, e.g., by moving the arms, changes the
local particle concentrations in potentially critical areas.
Please note that this change might be positive or
negative depending on the air flow pattern the relative
positions of the particle source and the critical area.
During the dynamic case representing a typical situation
in an operation room, we found neglectable effects
during door openings, a weak effect caused by the
movement of the staff through the room and a strong
effect on the aerosol concentration above the operation
table during the time when the surgeon is working with
the surgery instruments above the patient.

The findings highlight the importance that only
conscious movements are carried out in an operation
room. Furthermore, the obtained data will help to
enhance and validate numerical simulation models
which include the dynamic movement in such a room.
In future studies, both experimentally and numerically,
the air flow pattern and the connected transmission paths
of exhaled aerosol particles should be analyzed in
various healthcare facilities. The identification and
enhanced knowledge of the airborne transmission
routes, especially in rooms with guided air flows, will
help to even further reduce the risk of cross infections.
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