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BACKGROUND: Warm air released by forced-air covers could theoretically disturb laminar airflow
in operating rooms. We thus tested the hypothesis that laminar flow performance remains well
within rigorous and objective standards during forced-air warming.
METHODS: We evaluated air quality in 2 laminar flow operating rooms using a volunteer
“patient” and heated manikin “surgeons.” Reduction in tracer background particle counts near
the site of a putative surgical incision was evaluated as specified by the rigorous DIN
1946-4:2008-12 standard. Results were confirmed using smoke as a visual tracer.
RESULTS: Background tracer particle concentrations were reduced 4 to 5 log by the laminar flow
system, and there were no statistically significant or clinically important differences with a
forced-air blower set to off, ambient air, and high temperature. All values remained well within the
requirements of the DIN 1946-4:2008-12 standard. Activation of a forced-air warming system did
not create an upward draft or interfere with normal and effective function of the laminar flow
process.
CONCLUSIONS: Our results, based on quantitative performance testing methods, indicate that
forced-air warming does not reduce operating room air quality during laminar flow ventilation.
Because there is no decrement in laminar flow performance, forced-air warming remains an
appropriate intraoperative warming method when laminar flow is used. (Anesth Analg 2011;113:
1416–21)

Both general and neuraxial anesthesia impair thermo-
regulation. Consequently, nearly all unwarmed sur-
gical patients become hypothermic.1,2 Randomized

trials have shown that mild hypothermia promotes bleed-
ing and increases transfusion requirement,3 increases the
risk of morbid myocardial events,4 and prolongs drug
metabolism5–7 and postoperative recovery.8 Furthermore,
independent randomized trials have shown that forced-air
warming substantially decreases the risk of surgical site
infection.9,10 Practice guidelines therefore emphasize the
importance of maintaining perioperative normothermia.11,12

According to the Centers for Disease Control and Pre-
vention, “… for most surgical site infections, the source of
pathogens is the endogenous flora of the patient’s skin,
mucous membranes, or hollow viscera.…”13 There has
nonetheless been some concern that forced-air warming
might disperse bacteria within operating rooms. Six studies,
however, convincingly demonstrated that properly used
forced-air systems do not increase bacterial counts.14–19

Whether unidirectional laminar flow systems reduce the
risk of surgical site infection remains controversial.20–22

They are nonetheless sometimes used in the United States
for orthopedic procedures, and more frequently in Europe
for a variety of operations. A theoretical concern is that
warm air released by forced-air covers might disturb
laminar airflow in operating rooms.23 We thus tested the
hypothesis that laminar flow performance remains well
within rigorous and objective standards during forced-air
warming.

METHODS
We evaluated the effect of forced-air warming on laminar
flow performance under 3 test conditions: (1) controller off
(no air), (2) forced-air controller set to provide ambient
(cool) air, and (3) forced-air controller set to high (43°C !
1.5°C). Under each circumstance, we first qualitatively
evaluated the effect of forced-air warming by using a
smoke plume to trace airflow patterns over the operating
room table. We then quantified tracer particle counts near
the site of a putative incision and compared this value with
the overall background level of particulates within the
room. These tests were conducted with realistic surgical
draping and a conscious volunteer on the operating room
table. As a reference, we also tested particle counts without
a volunteer or draping.

Two different kinds of blankets were tested: Bair Hug-
ger model 522 upper body blanket and model 635 under-
body blanket (Arizant Healthcare, Eden Prairie, MN). The
blankets were attached to a forced-air warming system unit
(Arizant model 750). For each blanket, each of the 3
different test conditions above was studied. Airflow to the
522 blanket from the model 750 blower is approximately 43
cfm (cubic feet per minute); airflow to the 635 blanket is
approximately 46 cfm. Tests were conducted within class
1a operating rooms at 2 different hospitals (Amersfoort and
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Utrecht, Netherlands). Each operating room was
equipped with a laminar flow system designed and
installed by Telstar-LUWA (Baarn, Netherlands) and
certified by an independent testing agency (Hybeta
GmbH, Munster, Germany).

The relevant United States’ standard for laminar flow
operating rooms is ASHRAE 170, which is incorporated
into the 2010 edition of Guidelines for Design and Construc-
tion of Health Care Facilities.a This standard specifies design
features of laminar flow operating rooms, including a
unidirectional (downward, vertical) supply over the oper-
ating room table with returns located at various heights
around the operating room. Filtration, temperature, humid-
ity, and at least 20 air exchanges per hour are also specified.
Laminar flow operating rooms must be commissioned after
being built, a process that focuses on assuring that environ-
mental conditions in the operating room meet the design
elements for air exchanges per hour, temperature, humid-
ity, and room pressurization. However, United States’
standards for laminar flow operating rooms do not require
quantitative testing of particle counts. We therefore used a
standard developed in Germany for quantifying adequate
function of laminar flow operating room ventilation sys-
tems.24 This standard, DIN 1946-4:2008-12, was chosen
because it is objective and more rigorous than United
States’ standards.

The test method is fully described in Annex C of DIN
1946-4:2008-12, but briefly summarized as follows. Before
each test, an aerosol generator and distribution apparatus
(Topas GmbH, Dresden, Germany) was installed surround-
ing the operating room table. The purpose of this system
was to generate a controlled flow of aerosol particles
composed of diethylhexyl sebacate, a synthetic oil that is
safe to breathe in low concentrations. Submicron (0.5–1.0
!m) particles from the aerosol generator were distributed

into the operating rooms from 6 specified locations near the
operating room table. Particle generation was monitored
and carefully controlled to provide a constant particle
concentration throughout all studies. The intensity of the
reference particle load is held constant and high enough to
allow for a 5-log particle reduction between the concentra-
tion at a test point and the exhaust airflow of the room.
Because diethylhexyl sebacate has a low vapor pressure,
the size distribution of the oil particles changes little over
time.

Both the reference particle load and particle concentra-
tion at the test point were measured by a particle counter
(Model 2408; Met One Instruments, Grants Pass, OR).
Before any testing with forced-air warming blankets, the
effectiveness of the laminar system within each room was
verified against the requirements of the DIN 1946-4:2008-12
standard. Both rooms exceeded the minimal requirements
for laminar flow operating rooms.

To evaluate the effects of forced air on laminar flow
efficacy, a conscious volunteer was positioned supine on an
operating room table and draped as though for abdominal
surgery. Because 2 different forced-air covers were tested,
the surgical draping was appropriately rearranged between
each test. The forced-air blower was positioned on the floor
at the volunteer’s left side, near where the anesthesiologist
would normally sit during surgery (Fig. 1).

Two surgical lamps were operated at maximal intensity.
Additionally, 6 heated manikins were deployed around
the operating room table: 2 on each side and 2 behind
the anesthesia screen. Heat sources were integrated into the
manikins to achieve a homogeneous surface temperature
of 37°C over the entire model body. The total heat output
of the manikins was 800 W, which is approximately
the amount expected from humans in operating room
conditions.

The standard requires an emitted particle source strength
(particle flow rate) of QRef " 6.4 # 109 particles/min. This
makes it possible to measure a particle reduction ratio of 5

aFacility Guidelines Institute. Guidelines for Design and Construction of
Healthcare Facilities. 2010. Available at: http://www.fgiguidelines.org. Ac-
cessed May 13, 2011.

Figure 1. Illustration of testing procedure setup and
key elements of the test conditions. The concentra-
tion of particles at the surgical site was assessed
at the location of the test point just above the
volunteer’s abdomen. Heated manikins represent
the presence of surgical staff and allow controlled,
repeatable testing of the impact of various experi-
mental conditions on laminar flow.
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log steps between the concentration at a test point within
the clean supply air section and the exhaust airflow for
rooms that have a ventilation flow of up to 10,000 m3/h.
The resulting background concentration then becomes
the (reference) concentration of CRef " 35.3 # 106

particles/m3 " (1 # 106 particles/ft3). The setting of the
particle generator was adjusted to provide the required
particle source strength and was verified before testing
began.

The inlet of the particle detector was positioned 10 cm
over the volunteer’s abdomen to measure the particle
concentration (CX) near a putative abdominal incision. The
intake flow rate of the detector was 0.003 m3/min and the
measurement time for each sample was 1 minute.

The standard defines protective effect (PE) as PEX "
$log (CX/CRef). PE is therefore the log reduction of particle
concentration at the test point (putative surgical site) rela-
tive to reference load of particles in the room. A PE " 2.0
corresponds to a 2-log (i.e., 100-fold) reduction in particle
CX; this is the normative threshold for certifying laminar
flow operating rooms. A PE " 5.0 (i.e., a 5-log reduction) is
the upper limit that can be reliably measured with the
instrumentation specified in the DIN 1946-4:2008–12 stan-
dard. Five 1-minute samples of particle CX were taken for
each test condition. PE was calculated using the worst of 5
measurements.

Statistical significance of the log reduction in particle CX

was analyzed using analysis of variance 1-factor and
2-factor tests, with replication. The differences in CX be-
tween test conditions and between blankets were tested for
statistical significance to 95% confidence level. Data ob-
tained at the 2 different hospitals were pooled because the
factors of interest were the cover type and blower setting.
Because CX is the only experimental input to PEX, the
statistical significance of 1 measure applies equally to the
other. Results are presented as particle CX or log reductions
in particle CX and standard deviations; P % 0.05 was
considered statistically significant.

After particle concentration measurements were fin-
ished, a portable vapor generator (OTTEC Technology
GmbH, Ronnenberg, Germany) was used to visualize the
airflow in and around the laminar flow area. Although
qualitative, this technique provided visual insight into
differences between test conditions.

An independent testing agency (Hybeta GmbH) con-
ducted all quantitative and qualitative testing. They certi-
fied that the methodology complied with the DIN 1946-
4:2008–12 standard.

RESULTS
With the Arizant 522 upper body cover, background particle
CX were reduced approximately 5 log by the laminar flow
system, and there were no statistically significant or clinically
important differences among the 3 blower settings: off, ambi-
ent air, and high (Fig. 2). With the Arizant 635 underbody
cover, background particle CX were reduced approximately 4
log by the laminar flow system, and there were no statistically
significant or clinically important differences among the 3
blower settings: off, ambient air, and high (Fig. 3).

Neither of the forced-air covers, model 522 and model
635, exhibited any negative impact on the PE of the

operating room’s ventilation and air conditioning com-
pared with the baseline reference load. Table 1 shows that
the PE for each combination of draped operating room,
cover, and blower settings reduced background particle
counts 3 to 5 log, easily exceeding the 2-log reduction
required by DIN 1946-4:2008-12 standards (Table 1).

It is also interesting to note that the PEs for configura-
tions with realistic surgical draping are much better than
the nondraped configuration often used for qualifying
operating rooms. It seems that the PE of laminar flow may,

Figure 2. Mean particle concentration at the surgical site (green)
versus the background (baseline) particle load (blue) in operating
rooms tested with an Arizant 522 upper body forced-air blanket.
Three different test conditions are shown: forced-air warming system
set to off (“No Air”), ambient (“Ambient Air”), or high (“Warm Air”).
Each of the measurements at the surgical site was highly statisti-
cally significantly less than the baseline concentration (P % 0.001);
however, there were no statistically significant differences among
the 3 surgical site measurements (P " 0.39). Error bars are 95%
confidence intervals. The horizontal red line shows the 2-log reduc-
tion in background particles that defines adequate laminar flow
performance.

Figure 3. Mean particle concentration at the surgical site (green)
versus the background (baseline) particle load (blue) in operating
rooms tested with an Arizant 635 underbody forced-air blanket.
Three different tests conditions are shown: forced-air warming
system set to off (“No Air”), ambient (“Ambient Air”), or high (“Warm
Air”). Each of the measurements at the surgical site was highly
statistically significantly less than the baseline concentration (P %
0.001); however, there were no statistically significant differences
among the 3 surgical site measurements (P " 0.14). Error bars are
95% confidence intervals. The horizontal red line shows the 2-log
reduction in background particles that defines adequate laminar flow
performance.
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under conditions of actual use, be somewhat better than the
operating qualification may indicate.

When smoke was introduced into the airstream from
above, with the forced-air blower set to “high,” the laminar
flow system effectively moved tracer smoke (representing

sterile filtered air) downward toward a putative incision
over the course of 24 seconds. A series of photographs
(Fig. 4) shows that the presence of a forced-air warming
system did not create an upward draft or interfere with
normal and effective function of the laminar flow process.

DISCUSSION
In response to recent concerns,23 we asked whether forced-
air warming disrupts laminar flow systems and thus po-
tentially augments risk in this narrow circumstance. The
answer was clear: both qualitative and quantitative evi-
dence showed that forced-air warming did not compromise
air quality in actual clinical laminar flow operating rooms.
Furthermore, there was no compromise in operating room
air quality with a forced-air cover in place but not activated,
forced-air warming activated with ambient room air, or
forced-air warming activated with warmed air. Under all
conditions, the performance of the tested operating rooms
far exceeded the stringent DIN 1946-4:2008-12 standards.

Our results are consistent with computational fluid
dynamic models that show that properly designed air-
handling systems, combined with natural protective as-
pects of convective currents up from the patient, are
effective in reducing particle concentrations near the surgi-
cal site.25 This analysis was incorporated into the United
States’ guidelines for design, construction, and operation of
operating rooms,a and there has been subsequent confir-
mation of the conclusions of Moretti et al.16 that forced-air
warming does not compromise quality of air or the protec-
tion of the operative site.26

Given the paucity of evidence that laminar flow is even
effective,20–22 and the strong evidence that forced-air
warming reduces infection risk,9,10 it seems curious that
concerns have been raised about the effect of forced-air
warming on laminar flow systems. In any case, our results
clearly demonstrate that laminar flow systems easily re-
main within stringent functional specifications during
forced-air warming. It is thus reasonable, based on findings
from this investigation, to consider forced-air warming to
be safe in laminar flow operating rooms.

We tested operating rooms in routine clinical use at 2
separate health care facilities. The exact results will pre-
sumably differ somewhat in other operating rooms and
facilities. Furthermore, we used static (but heated) mani-
kins to mimic surgical personnel; real people, of course,
move more and that movement might, to some extent,

Figure 4. A smoke generator is used to show the airflow patterns
above the patient with the forced-air warming system set to “high,”
which is approximately 43°C. Over the course of 24 seconds, the
laminar flow system effectively moved tracer smoke (representing
sterile filtered air) downward toward a putative incision. The series of
photographs thus shows that the presence of the forced-air warming
system did not create an upward draft, or interfere with normal and
effective function of the laminar flow process. Contrast was slightly
sharpened for clarity, with the same filter applied to each. A, t " 0
seconds; B, t " 3 seconds; C, t " 8 seconds; D, t " 15 seconds;
E, t " 18 seconds; and F, t " 24 seconds.

Table 1. Protective Effect Under Various Test Conditions
OR and forced-air cover

model number
No surgical

draping
Forced-air cover positioned,

blower inactive
Forced-air cover positioned,
blower set to ambient air

Forced-air cover positioned,
blower set to high

OR A/522 2.1 ! 0.1 5.0 ! 0.1 4.8 ! 0.1 4.8 ! 0.1
OR A/635 2.1 ! 0.1 4.0 ! 0.0 3.2 ! 0.0 3.5 ! 0.0
OR B/522 4.6 ! 0.1 4.9 ! 0.1 4.8 ! 0.1 4.8 ! 0.1
OR B/635 4.6 ! 0.1 4.7 ! 0.0 4.7 ! 0.1 4.6 ! 0.1

Results are shown as means ! SDs.
OR " operating room.
Two different ORs were tested, A and B, in different hospitals. Cover 522 is an upper body model; cover 635 is an underbody model. The protective effect is the
log reduction in particle counts at the surgical site compared with the background baseline value of the room. (A protective effect of 5.0 corresponds to a 105

or 5-log reduction in the number of measured particles.) The protective effect was calculated from the worst of 5 recorded values under each condition.
There were no statistically significant differences among the 3 draped conditions: blower set to off, ambient air, and to high (43.0°C ! 1.5°C) for either cover in
either OR.
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disrupt the laminar flow field. However, our general con-
clusion, that forced-air warming does not degrade laminar
flow performance, is probably broadly applicable.

In summary, forced-air warming is well established as
an effective and safe method for maintaining perioperative
normothermia. Previous clinical studies show that forced-
air warming does not increase dispersion of bacteria in
operating rooms.14–19 We extend these results by showing
that activation of forced-air warming does not reduce operat-
ing room air quality, even during laminar flow ventilation.
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