
applied  
sciences

Article

Thermophysiological Comfort of Surgeons and
Patient in an Operating Room Based on PMV-PPD
and PHS Indexes

Radostina A. Angelova 1,* and Rositsa Velichkova 2

1 Department of Textiles, Technical University of Sofia, 1000 Sofia, Bulgaria
2 Department of Hydroaerodynamics and Hydraulic Machines, Technical University of Sofia,

1000 Sofia, Bulgaria; rvelichkova@tu-sofia.bg
* Correspondence: joy_angels@abv.bg

Received: 14 January 2020; Accepted: 2 March 2020; Published: 5 March 2020
����������
�������

Abstract: There are different actors in an operating room (OR), who have controversial requirements
for the indoor thermal environment. While the patient is at risk of perioperative hypothermia, the
surgeons are in a state of thermophysiological discomfort. The study presents an analysis of the
thermophysiological comfort of both patient and surgeons in an OR. Surgical clothing ensembles
with three values of clothing insulation are simulated. Different indoor environment conditions (air
temperature and relative humidity) are tested. The analysis is based on the calculation of predicted
mean vote and predicted percentage of dissatisfied (PMV-PPD) indexes and assessment of the climatic
conditions categories. Discussion of the predicted heat strain is also presented. The simulated
results and their analysis show considerable discrepancies between the thermophysiological comfort
of the patient and the surgeons, even when dressed in a light protective ensemble, in the same
indoor environment.

Keywords: thermophysiological comfort; surgical clothing; surgical drape; surgical gown; operating
room; PMV; PPD; PHS; heat stress

1. Introduction

The indoor environmental conditions in an operating room (OR) are usually designed to satisfy
the patients’ comfort and health [1]. The International Standard ISO 7730 [2], which deals with the
specification of the conditions for thermal comfort, does not make a difference between types of indoor
spaces in terms of thermal comfort. Therefore, any OR has to meet the requirements of this standard,
similar to office premises or a theatre hall.

The thermophysiological comfort of people in the indoor environment depends on three groups
of factors [3]:

• Environmental factors: air temperature, mean radiant temperature, relative air humidity, air
movement (air velocity);

• Factors related to the state of the human body: thermoregulation mechanism, central nervous
system, cardiovascular system, respiratory system, skeletal-muscular system, digestive system;

• Factors related to clothing/textiles as a barrier between the body and the environment: insulating
ability (resistance to heat transfer), air permeability, water vapour permeability, water repellency,
drying rate.

The patient in the OR stays together with the medical staff, which involves different actors:
surgeons, anaesthetists, nurses, assistants. The thermophysiological comfort of everyone has to be
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satisfied in order to assure their high-quality performance during the operation (for the staff) or their
health (for the patient). Though the staff and the patient occupy the same indoor environment, all three
groups of factors that define their thermophysiological comfort differ.

The most significant difference between the staff and the patient is the clothing: the patient is
usually necked and covered with a surgical drape, while the medical staff wears protective clothing.
The original function of surgical clothing was to protect the patient in the OR from a possible impact
of the surgical team. Later on, having the results from the studies on the dangers associated with
blood-borne pathogens, the role of the surgical clothing changed: the need to protect the surgeons from
the patient was added to the need to protect the surgeons from the patient himself [3]. Furthermore,
the clothing of the surgeons and the surgical nurses differs from the clothing of the anaesthetists and
the technicians who may handle specific medical equipment in the OR.

The factors related to the state of the human body are also different. Тhe patient is lying
down under anaesthesia, his/her thermoregulatory mechanism is inhibited with increased risk for
perioperative hypothermia, the body is under stress and internal organs and body tissues are exposed
to the environment with possible blood losses. At the same time, behavioural responses to thermal
discomfort are impossible. Meanwhile, the medical staff are standing; the surgeons work stationarily
around the operating table, while the nurses and the anesthesiologist can move slightly. The mental
load and physical stress for the staff are also different, being most heavy for the surgeons [4,5].

The environmental factors in the OR also differ: it was found that in the area just below the
operating lamps, due to the radiation heat, the air temperature is higher on average by 3 ◦C than the
rest of the OR [6].

Obviously, there is a conflict in the requirements for the thermal environment in the OR. Even
though the heating, ventilation and air-conditioning system in the OR provides standard comfort
conditions (20–22 ◦C, 65% relative humidity) [2], it is likely that only nurses and anaesthetists will
be able to determine the thermal environment as comfortable. In cases where there is no individual
system or device (blanket) for warming the patient, the air temperature in the OR should not be below
23 ◦C [4] or even higher than 24 ◦C [7]. At the same time, the air temperature for the surgeons in heavy
protective gowns during extended operations is suggested to be lower than 18 ◦C [7].

The technical standards for the indoor environmental in an OR were summarized in [5]. It was
found that significant discrepancies exist between the HVAC (Heating, Ventilation and Air Conditioning)
standards and the actual thermophysiological comfort of both the surgical team and the patient. Several
studies dedicated to the topic [4,5,7–10] have found that it might be difficult to find out a general
solution for the problem, having in mind the current design of HVAC systems and the thermal
requirements of the different players in the OR.

The predicted mean vote (PMV), developed by Fanger in 1972 [11], is the most used model for
predicting thermal comfort in enclosures. Other models used in the literature are the wet bulb globe
temperature (WBGT) [12,13], effective temperature (ET) [14] and thermal acceptance ratio (TAR) [12].
Details about the indexes for the evaluation of thermal comfort and hot stress can be found in review
works [15,16].

According to the PMV model, the thermophysiological comfort of a person is assessed based on
the body’s heat balance, mean skin temperature and sweat rate. The determination of the PMV index
requires several input variables and its computation, which requires several iterations, might be done
using different programs, including black box [17] and white box [18] software.

The PMV index allows the number of the occupants of the indoor premises who are not satisfied
with the provided thermal conditions (feel cold or warm) to be predicted. This feeling stays at the bottom
of the determination of the predicted percentage of dissatisfied (PPD) index [11]. It allows the assessment
of how many of the occupants will feel uncomfortable in a particular thermal indoor environment.

Predicted heat strain (PHS) is evaluated on the basis of the ISO 7933 international standard [19],
and the following stress/strain criteria are taken into account: the maximum sweat rate and maximum
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skin wettedness. Two strain criteria are also assessed: the maximum water loss and maximum rectal
temperature, which is used as equivalent to the core body temperature.

The present paper aims to perform an analysis of thermophysiological comfort in an OR from the
point of view of both the patient and the surgeons during an operation. Different surgical clothing
ensembles are tested. A computational program for the prediction of the heat strain, following ISO
7933:2004 [16], was applied to calculate the PMV-PPD indexes, according to the model developed
by [20]. Interpretations in terms of the predicted heat strain are also made.

2. Methodology: Computational Data

2.1. Environmental Factors

According to ASHRAE standard 170–2013 [21], the air temperature of an OR (Class B and C)
should be 20–24 ◦C. The air temperature of the operating zone around the operating table is 3 ◦C higher
than the air temperature of the rest of the room [6].

The relative humidity of the OR is 30–60% [21]. The air velocity is 0.1 m/min [4].
The calculations involve a temperature interval from 16 to 32 ◦C (with a step of 1 ◦C), changing

the relative humidity from 30% to 60% with a step of 10% (see Table 1).

Table 1. Simulated conditions.

Clothing Insulation Temperature Humidity Metabolism

0.15 clo 23–32 ◦C 30–60% 40 W/m2

0.96 clo 16–30 ◦C 30–60% 145 W/m2

1.01 clo 16–30 ◦C 30–60% 145 W/m2

1.05 clo 16–30 ◦C 30–60% 145 W/m2

2.2. Factors Related to Human Body Status

Two steady-state activities were considered [19]: sleeping (40 W/m2) for the patient and moderate
activity (145 W/m2) for the surgeons.

To assess the thermophysiological comfort of the surgeon and patient, the same data for the
physical characteristics of the human body were used for both the surgeon and the patient: height 175,
weight 80 kg.

2.3. Factors Related to Clothing

The study in [22] showed that the thermal insulation of the clothing ensembles of surgeons is
between 0.54 ± 0.01 clo and 0.95 ± 0.01 clo. It was measured in [23] that the thermal insulation of
clothing ensembles was higher than 1 clo. Three clothing ensembles were considered in this study
with the following descriptions [23]:

• 0.96 clo: surgical polyester ensemble with coal fibrеs and multiple-use barrier surgical polyester
gown with carbon fibres and liquid proof fabric of higher resistance on sleeves and front;

• 1.01 clo: surgical polyester ensemble with coal fibres and multiple-use polyester surgical gown
with polytetrafluorethylene protective sleeves and front and carbon fibres on the back;

• 1.05 clo: surgical polyester ensemble with coal fibres and single-use cotton surgical gown.

In addition, a surgical cotton/polyester (33/67%) drape for the patient of 0.15 clo was selected [3].
Table 1 presents the simulated conditions for different clothing insulation, human activity and

thermal environment. Forty cases were simulated for the patient in the OR and 180 cases for the
surgeons, or 220 cases altogether.

3. Results and Discussion

The PMV index vary from −3 to +3 and the thermal sense scale is shown in Table 2.



Appl. Sci. 2020, 10, 1801 4 of 12

Table 2. PMV index sense scale.

Value Thermal Sense

−3 cold
−2 cool
−1 slightly cool
0 neutral

+1 slightly warm
+2 warm
+3 hot

The PPD index obtains values from 0% to 100% and is a quantitative measure for the perceived
comfort of the inhabitants of a particular thermal environment.

The PHS index is calculated only in a hot environment and is expressed in terms of sweat rate,
total sweat loss and rise of the core body temperature.

According to the results for the indexes, the thermal conditions are assessed, following the ISO
standard 15265 [24]. The climatic conditions categories, as defined in [20], are summarised in Table 3.

Table 3. Climatic conditions category.

Category Comfort Related to the Climatic Conditions

3 Severe discomfort without health risk
4 Slight cold discomfort without health risk
5 Comfort, no health risk
6 Slight warm discomfort without health risk
7 Severe warm discomfort without health risk
8 Long-term constraint: discomfort and dehydration after several hours of exposure
9 Short-term constraint: health risk after 30–120 min of exposure

10 Immediate constraint: health risk even for exposures of very short duration (less than
30 min) several hours of exposure

3.1. Thermophysiological Comfort of the Patient

The predicted PMV index for the patient, lying under anaesthesia on the operating table, is shown
in Figure 1. The predicted percentage of dissatisfied (PPD) is presented in Figure 2. According to the
results, the thermal conditions are assessed, following the ISO standard 15265 [24]. The categories for
the climatic conditions are shown in Figure 3.

The simulated temperature interval in which the thermophysiological comfort of the patient was
predicted and assessed was between 23 and 32 ◦C. Calculations for temperatures below 23 ◦C were
meaningless, as, after 25 ◦C, the PMV index was −3 and the PPD index was 100% dissatisfied. High
OR temperatures were tested (31 ◦C and 32 ◦C) aiming to reach a climatic conditions category higher
than 5 (slight warm discomfort)—Figure 4.

For moderate thermal environments ISO 7730 [2] suggest the limits −0.5 < PMV < 0.5 and the PPD
index is below 10%. In the current predictions these values are obtained for the interval from 29 ◦C,
60% RH (PMV = −0.42) to 31 ◦C, 30% RH (PMV = +0.44). The comfort temperature interval for the
patient is far away from the prescribed comfort indoor environmental temperature (20–22 ◦C) [2]. The
low insulation ability of the standard surgical drape and the low metabolic activity of the patient are
the two reasons for the need for very high temperatures in the OR to reach a comfortable environment
for the patient. This result confirms the findings in [10], which suggest that the temperature in the OR
should be even higher than 24 ◦C to ensure the thermophysiological comfort of the patient.

The risk for perioperative hypothermia and its effect on the patient’s health, e.g., influence on the
blood loss during an operation and special transfusion requirements, are well recognised [25,26]. The
administration of 1 dm3 fluid intravenously with a temperature equal to room air temperature (21 ◦C)
decreases the temperature of the core body by 0.25 ◦C [25]. Such an effect is not even foreseen when
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calculating the PMV index. Therefore, special methods and devices for warming the patient have been
developed and have to be used in the OR in any cases of operations under anaesthesia to assure the
thermophysiological comfort of the patient and to protect him/her from perioperative hypothermia.
According to the review in [27], these could be intravenous fluid warmers, which are widely applied
during surgical operations or body warming devices, like water-filled mattresses, electric blankets,
heating pads, carbon fibre items, etc.
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Figure 1. Predicted mean vote (PMV) index for the patient under anaesthesia.
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Figure 2. Predicted percentage of dissatisfied (PPD) index for the patient under anaesthesia.
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Figure 3. Category of the climatic conditions for the patient under anaesthesia.

3.2. Thermophysiological Comfort of the Surgeon

Figure 4 summarizes the results for the PMV index, computed for a surgeon, working in the OR.
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Figure 4. PMV index for the surgeon, dressed in three clothing ensembles with different clothing
insulation: (a) relative humidity (RH) of the air 30%; (b) RH 40%; (c) RH 50%; (d) RH 60%.

The three clothing ensembles are compared and four different graphs for the relative humidity
values in the range 30%–60% are shown. The simulated temperatures were between 16 and 30 ◦C,
different from the temperature range used in the predictions for the thermophysiological comfort of the
patient (23–32 ◦C). The temperatures went below 23 ◦C to reach climatic conditions category 5 of the
indoor environment and to discover at which temperature it turns to climatic conditions category 4.

Figure 5 presents the results for the PPD index and Figure 6 the climatic conditions of the OR
from the point of view of the surgeon.
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The predicted values for the PMV and PPD show that the thermophysiological comfort of the
surgeon, dressed in different clothing ensembles is assured in the following intervals:

• For clothing ensemble with 0.96 clo: from 18 ◦C, 30% RH (PMV = −0.48) to 23 ◦C, 40% RH (PMV
= +0.48).

• For clothing ensemble with 1.01 clo: from 17 ◦C, 60% RH (PMV = −0.49) to 23 ◦C, 30% RH (PMV
= +0.47).

• For clothing ensemble with 1.05 clo: from 17 ◦C, 40% RH (PMV = −0.49) to 22 ◦C, 60% RH (PMV
= +0.49).

The comfort temperature interval for the surgeon is much closer to the prescribed comfort indoor
environmental temperature (20–22 ◦C) [2], compared to the comfort temperature interval for the patient.
The results confirm the suggestions in [10], the temperature in the OR to be lower than 18 ◦C to assure
the comfort of the surgeons in heavy protective gowns.

The results in Figures 5 and 6 confirm the conclusions from the prediction of PMV index for the
surgeons. The graphs in Figure 6 allow the comfortable environment for the surgeons to be quickly
assessed, using the studied protective clothing: all combinations between air temperature and relative
humidity, where the climatic category is computed as “5: comfortable, no health risk” (Table 3).
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3.3. The Thermophysiological Comfort of the Patient vs. the Thermophysiological Comfort of the Surgeon

The comparison between the PMV index for the patient and the surgeon in the concurrent
temperature interval (23–30 ◦C) is presented in Figure 7. The comparison is made for two values
of the relative humidity of the air (30% and 60%) and 0.96 clo thermal insulation of the clothing
ensemble of the surgeon, assuming that this is the closest value to the thermal insulation of the patient
under anaesthesia.

Figure 8 presents the comparison for the PPD index for the same conditions and Figure 9 for the
category of the climatic conditions.

Appl. Sci. 2020, 10, 1801 8 of 12 

  
(a) (b) 

  
(c) (d) 

Figure 6. Climatic conditions category for the surgeon, dressed in three clothing ensembles with 

different clothing insulation: (a) relative humidity (RH) of the air 30%; (b) RH 40%; (c) RH 50%; (d) 

RH 60%. 

3.3. The Thermophysiological Comfort of the Patient vs. the Thermophysiological Comfort of the Surgeon 

The comparison between the PMV index for the patient and the surgeon in the concurrent 

temperature interval (23–30 °C) is presented in Figure 7. The comparison is made for two values of 

the relative humidity of the air (30% and 60%) and 0.96 clo thermal insulation of the clothing ensemble 

of the surgeon, assuming that this is the closest value to the thermal insulation of the patient under 

anaesthesia. 

Figure 8 presents the comparison for the PPD index for the same conditions and Figure 9 for the 

category of the climatic conditions. 

  

(a) (b) 

Figure 7. PMV index for the patient (0.15 clo) and the surgeon (0.96 clo): (a) relative humidity (RH) of 

the air 30%; (b) RH 60%. 

Figure 7. PMV index for the patient (0.15 clo) and the surgeon (0.96 clo): (a) relative humidity (RH) of
the air 30%; (b) RH 60%.



Appl. Sci. 2020, 10, 1801 9 of 12
Appl. Sci. 2020, 10, 1801 9 of 12 

  

(a) (b) 

Figure 8. PPD index for the patient (0.15 clo) and the surgeon (0.96 clo): (a) relative humidity (RH) of 

the air 30%; (b) RH 60%. 

  

(a) (b) 

Figure 9. Climatic conditions category for the patient (0.15 clo) and the surgeon (0.96 clo): (a) relative 

humidity (RH) of the air 30%; (b) RH 60%. 

The results obtained show that within the concurrent temperature interval (23–30 °C) there is no 

combination between air temperature and relative humidity values that can assure the 

thermophysiological comfort for both the surgeon and the patient. The most favourable PPD index 

for the surgeon and the patient simultaneously is for 28 °C, 30% RH (Figure 8a), where the PPD for 

the patient is 48% and for the surgeon is 44%. The next favourable PPD index is for 28 °C, 60% RH 

(Figure 8b): 29% for the patient and 56% for the surgeon. 

Obviously, the thermal discrepancies between the thermophysiological comfort of the patient 

and the surgeon can provoke thermal stress for one or the other, even for short-time interventions in 

the OR. If the surgeon stays dressed in heavier operating suits (with clothing insulation higher than 

0.96 clo) the discrepancies between him/her and the patient increase. 

Figure 10 shows exemplary results for the thermal stress of the surgeon, dressed in the studied 

clothing ensembles. In cases where the climatic conditions category is equal to 7 (severe warm 

discomfort without health risk, Table 3) or higher, thermal stress due to the hot environment appears 

in the body. The stress results mainly in increased sweating of the body, which can be expressed by 

the final sweat rate and the total water loss (calculated here for 60 min). The results are presented for 

50% RH in the OR. 

Figure 8. PPD index for the patient (0.15 clo) and the surgeon (0.96 clo): (a) relative humidity (RH) of
the air 30%; (b) RH 60%.

Appl. Sci. 2020, 10, 1801 9 of 12 

  

(a) (b) 

Figure 8. PPD index for the patient (0.15 clo) and the surgeon (0.96 clo): (a) relative humidity (RH) of 

the air 30%; (b) RH 60%. 

  

(a) (b) 

Figure 9. Climatic conditions category for the patient (0.15 clo) and the surgeon (0.96 clo): (a) relative 

humidity (RH) of the air 30%; (b) RH 60%. 

The results obtained show that within the concurrent temperature interval (23–30 °C) there is no 

combination between air temperature and relative humidity values that can assure the 

thermophysiological comfort for both the surgeon and the patient. The most favourable PPD index 

for the surgeon and the patient simultaneously is for 28 °C, 30% RH (Figure 8a), where the PPD for 

the patient is 48% and for the surgeon is 44%. The next favourable PPD index is for 28 °C, 60% RH 

(Figure 8b): 29% for the patient and 56% for the surgeon. 

Obviously, the thermal discrepancies between the thermophysiological comfort of the patient 

and the surgeon can provoke thermal stress for one or the other, even for short-time interventions in 

the OR. If the surgeon stays dressed in heavier operating suits (with clothing insulation higher than 

0.96 clo) the discrepancies between him/her and the patient increase. 

Figure 10 shows exemplary results for the thermal stress of the surgeon, dressed in the studied 

clothing ensembles. In cases where the climatic conditions category is equal to 7 (severe warm 

discomfort without health risk, Table 3) or higher, thermal stress due to the hot environment appears 

in the body. The stress results mainly in increased sweating of the body, which can be expressed by 

the final sweat rate and the total water loss (calculated here for 60 min). The results are presented for 

50% RH in the OR. 

Figure 9. Climatic conditions category for the patient (0.15 clo) and the surgeon (0.96 clo): (a) relative
humidity (RH) of the air 30%; (b) RH 60%.

The results obtained show that within the concurrent temperature interval (23–30 ◦C) there
is no combination between air temperature and relative humidity values that can assure the
thermophysiological comfort for both the surgeon and the patient. The most favourable PPD
index for the surgeon and the patient simultaneously is for 28 ◦C, 30% RH (Figure 8a), where the PPD
for the patient is 48% and for the surgeon is 44%. The next favourable PPD index is for 28 ◦C, 60% RH
(Figure 8b): 29% for the patient and 56% for the surgeon.

Obviously, the thermal discrepancies between the thermophysiological comfort of the patient
and the surgeon can provoke thermal stress for one or the other, even for short-time interventions in
the OR. If the surgeon stays dressed in heavier operating suits (with clothing insulation higher than
0.96 clo) the discrepancies between him/her and the patient increase.

Figure 10 shows exemplary results for the thermal stress of the surgeon, dressed in the studied
clothing ensembles. In cases where the climatic conditions category is equal to 7 (severe warm
discomfort without health risk, Table 3) or higher, thermal stress due to the hot environment appears
in the body. The stress results mainly in increased sweating of the body, which can be expressed by the
final sweat rate and the total water loss (calculated here for 60 min). The results are presented for 50%
RH in the OR.

The joint increment of the air temperature and the clothing insulation of the surgical gowns
provokes the rise of both the sweat rate and the water losses through the skin. The sweat rate increment
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aims to compensate for the heat gained by the environmental air as well as the impeded heat and fluid
transfer through the clothing ensemble with higher clothing insulation.Appl. Sci. 2020, 10, 1801 10 of 12 
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3.4. Research Strengths and Limitations

The performed calculations are done on the basis of the real clothing insulation of both the
surgeons and patient. The study is not spread among other players in the OR (anaesthetists, nurses,
assistants), concentrating on the thermophysiological comfort of the subjects that share one and the
same thermal environment. The calculations of the PMV/PPD indexes for different clothing insulation,
metabolism, temperature, and relative humidity are fast, reliable, and confirm once again the need for
special HVAC design or other measures that could guarantee the thermophysiological comfort of all
persons in the OR.

The limitations of the study are related to the fact that the PMV/PPD model is developed
for healthy people and its application for a patient under anaesthesia might not be correct, as the
thermophysiological reactions could be different. Another limitation of the predictions is that the OR
is taken as a standard one, while different OR exists (orthopedic, cardiac, etc.).

4. Conclusions

The use of different textiles and clothing ensembles, coupled with different metabolic activity, puts
the patient and the surgeon in opposed thermal conditions in the operating room. Even a surgical gown
with the lowest possible insulation requires the temperature in the OR to be much lower than is healthy
for the patient under anaesthesia. It was found that within the studied environmental, metabolic and
clothing conditions, only the temperature of 28 ◦C can partly satisfy the thermophysiological comfort
of both the patient and the surgeon. However, it cannot be recommended, as it provokes thermal stress
for the surgeon.

The recommendations of future research should involve the development of a database for the
clothing insulation of surgical clothes, surgical gowns and drapes. It would be interesting to evaluate
the effect of the stress of the surgeons on their thermophysiological reaction during operations, as well
as the impact of the duration of the operation on surgeons’ thermophysiological comfort.

Author Contributions: Conceptualization and original draft preparation, R.A.A.; data curation and editing, R.V.;
visualization, R.A.A. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to thank the Research and Development Sector at the Technical University of
Sofia for the financial support for the publishing of the present research.
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