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Many care programs for laboratory animals adopt the gen-
eral recommendations of 10 to 15 air changes per hour (ACH) 
for animal rooms, as stated in the Guide for the Care and Use of 
Laboratory Animals,11 regardless of how the animals are housed 
or how the rooms and cages are ventilated. Reasons for these 
recommended ventilation rates include the need to supply 
adequate oxygen, remove thermal loads, dilute gaseous and 
particulate contaminants, adjust moisture content, maintain 
ideal temperature, and where needed, create air pressure dif-
ferentials between adjoining spaces.

In animal rooms, the ventilation system must be able to 
maintain the temperature for rodents within 68 to 79 °F and 
minimize temperature fluctuations.11 Humidity should be 
maintained between 30% and 70%, because humidity above or 
below this range may increase preweaning mortality in mice.3 
Ringtail in rats has been associated with low humidity,5,32 and 
high humidity can increase ammonia production within microi-
solator cages.4,6 Indoor air pollutants can be divided into the 3 
basic categories: biologic, chemical, and particulates. In animal 
rooms, potential biologic pollutants include animal allergens 
and endotoxins as well as biologic agents that may be used by 
researchers. Chemical pollutants commonly present include 
CO2, ammonia, formaldehyde, anesthetic gases, cleaning and 
sanitizing solutions, and chemicals used by researchers. Par-
ticulates often enter a room through the supply air but can also 
be generated within the room by animal dander and bedding 
products and during husbandry procedures, such as changing 
cages and routine cleaning of the room.

IVC systems are increasingly becoming the standard for labo-
ratory rodent housing, and many studies have examined the 
benefits of these systems. A particular benefit of IVC is improved 

air quality within the cage when compared with static microi-
solator cages, including lower ammonia, lower CO2, higher O2, 
lower humidity, and drier bedding.9,13,15-17,23,25 Another reported 
benefit of using IVC, especially when combined with handling 
animals in a cage-change station, is reduction of airborne al-
lergens and particulates. Allergies to laboratory animals are 
recognized as an important occupational disease, with around 
one-third of persons working with laboratory animals report-
ing work-related allergic symptoms.2,7,10 Reducing exposure to 
animal allergens is considered the primary method for reducing 
the incidence of and relieving symptoms among affected person-
nel.8,28,33 Mouse allergens within rooms can be reduced as much 
as 50-fold by switching from open cages to filter -top cages, and 
additional reductions are possible by using IVC systems.18,22,28 
Mouse allergens within the room are aerosolized and carried 
on particulates in the air.18,26 Levels of airborne endotoxin are 
high in animal housing areas and are positively correlated with 
airborne mouse urinary protein allergens.21,22 Respiratory symp-
toms can occur in personnel not sensitized to mouse allergens 
but exposed to high levels of airborne endotoxin, indicating 
that exposure to endotoxin is another important occupational 
health issue for animal care workers.20

Although several studies have examined air quality within 
cages at different intracage ventilation rates,24,25 few have 
examined air quality in rodent rooms or within cages at differ-
ent room ventilation rates. One study using static cages found 
improved intracage parameters as the room ventilation rate was 
increased from 0 to 20 ACH.23 When a demand-controlled ven-
tilation (DCV) system was used according to study parameters 
in a rodent facility with open-top cages, ventilation had to be 
increased 1.5% of the time over the base of 6 ACH to keep room 
air levels of total volatile organic compounds (TVOC) within the 
target range.29 These excessive levels typically occurred when 
cages were soiled, resulting in high ammonia levels.29 For 0.5% 
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the exhaust was set at 8.1 L. For rats, the rate was 23.2 L for sup-
ply and 16.2 L for exhaust; these rates equated to an intracage 
air-exchange rate of 65 ACH. Ventilation in the rooms was at 
positive pressure relative to the hall with an offset of 50 to 100 
cfm. For intracage measurements, each cage contained 5 adult 
female CD1 mice (Harlan, Indianapolis, IN), which were used 
for the health surveillance program. All animals in the facility 
were mice and rats on IACUC-approved research protocols 
and were used and maintained according to guidelines in the 
Guide.11 All animal handling within the room was conducted in 
a cage-change station (CS5 Evo, Tecniplast). Cages were changed 
routinely once every 14 d (mice) or 7 d (rats); open clean and 
dirty cages were temporarily kept on carts in the room as cages 
were changed.

Experimental design. We selected 8 rooms for this study; 7 of 
these rooms housed mice, and the remaining room housed rats. 
The density of cages in the rooms ranged from 0.1 to 1.2 cages/
ft2 in the mouse rooms and was 0.5 cages/ft2 in the rat room. 
The number of cages in each room was within 20% of the stated 
count throughout the course of the study. Each room was oper-
ated at a low ventilation rate of 5 to 6 ACH for two 4-wk periods 
and a high ventilation rate of 10 to 12 ACH for two 4-wk periods. 
The ACH rate was calculated from the supply airflow, which 
was set to supply 5.5 or 11.0 ACH for each room and period. 
To verify the correct airflow, a balometer airflow capture hood 
(Alnor Instrument, Skokie, IL) was used to measure the supply 
airflow in each room and period, and the results were within 
10% of the setting. Rooms were randomized to the low or high 
ventilation rate at the start of the study and then switched after 
each 4-wk period. During each period, 4 rooms were at the low 
rate, and 4 rooms were at the high rate.

Allergen and endotoxin measurements. Samples (n = 4 for each 
condition) were collected from 2 different rooms throughout 
the study. Air was sampled by use of an air sampling pump 
(model PCRX4, SKC, Eighty Four, PA) at (per minute) 2 L for 
4 h for endotoxin and 4 L for 96 h for allergen testing. Samples 
for both allergen and endotoxin analysis were collected on 37-
mm endotoxin cassettes with polycarbonate filers (pore size, 
0.2 µm; EMSL Analytical, Cinnaminson, NJ). Both allergen and 
endotoxin levels were analyzed by EMSL Analytical. Endotoxins 
were tested by using a chromogenic (Kinetic-QCL) method, 
which is a qualitative, kinetic assay for the detection of gram-
negative bacterial endotoxins. A quantitative ELISA method 
was used for Mus m1 allergen testing.

Intracage measurements. Intracage measurements were 
obtained from 4 mouse cages, one each in 4 different rooms, 
throughout the study. Each cage contained 5 adult female CD1 
mice (Harlan), which were provided free access to extruded diet 
(Harlan Teklad 2020) and autoclaved water through bottles. Am-
monia concentration (n = 8 each condition) was determined by 
using tubes that measure 2 to 30 ppm ammonia (Accuro Pump, 
Dräger Safety, Lubeck, Germany). At 14 d after mice were placed 
in a clean cage with corncob bedding, the sampling tube was 
inserted into the cage through the water bottle port and placed 
at a level of approximately 1 cm above the bedding. Intracage 
CO2, temperature, and humidity were measured hourly by 
using a data logger (model CM-0018 CO2, Temperature, and 
% RH Data Logger, CO2 Meter, Ormond Beach, FL) that was 
placed between the filter top and wire bar inside the cage for 
the duration of each period.

TVOC clearance. To determine whether ventilation rate al-
tered the clearance of a spilled volatile organic compound, 10 
mL of ethanol was poured onto a paper towel that was on the 
floor directly under the ceiling level room exhaust duct. This 

of the monitored time, ventilation had to be increased over the 
base of 6 ACH to keep the room air TVOC levels within the 
target range in a different facility with IVC that were exhausted 
into the room.29

One advantage of IVC is that the exhaust air from the venti-
lated cages can be delivered directly into the building exhaust 
system instead of being recirculated into the room. This feature 
effectively renders the quality of the room air independent of 
the animals housed and may reduce the need for high room 
ventilation rates.14 However, evidence-based criteria for ven-
tilation rates in animal rooms using IVC systems are sparse. 
The purpose of the current study was to evaluate air quality 
in rodent rooms using direct-exhaust IVC between various 
room ventilation rates. Because the ventilation of the room is 
independent of the cage ventilation system, we hypothesized 
that room ventilation rates lower than those currently recom-
mended in the Guide11 would not have any adverse effects on 
room or intracage air quality.

Materials and Methods
Facility. This study was conducted in a 17,000 -ft2 facility with 

18 rodent housing rooms, 22 procedure rooms, and cage wash 
and storage areas. The ventilation system for each housing room 
consisted of one supply system and 2 exhaust systems. One 
exhaust system was dedicated to the IVC racks via a thimble 
connection, which ensured that the building’s exhaust did not 
override the rack exhaust blower. The other exhaust system was 
for general, room exhaust. Each system was controlled by an 
airflow control valve (Phoenix Controls, Acton, MA). Each room 
was equipped with an automated monitoring system (Aircu-
ity, Newton, MA), which collects a 40-s sample of air from the 
general, room exhaust duct of each room in a continuous cycle 
such that each room was sampled approximately every 15 min. 
The air sample was collected from the general, room exhaust 
duct and should be representative of the room air since it was 
not from the IVC rack exhaust. For analysis, each air sample 
was sent to one of 2 centralized sensor suites via a network 
of air tubes. Each sensor suite comprised a set of sensors that 
measured total volatile organic compounds (TVOC; SEN-
TVC-1 and -3, Aircuity; ±0.5 ppm of isobutylene), particulates 
0.3 to 2.5 µm in diameter and reported as particulates per ft3 
(SEN-PAR-1, Aircuity; ±25% of reading), CO2 (±45 ppm), and 
dew point temperature (SEN-C2D-3, Aircuity; ±0.9 °F). The 
TVOC sensor was calibrated to isobutylene and responds to 
ammonia with a response factor of 9.4 and to ethanol at 10.0. 
Thus, a sensor reading of 1 ppm indicates the presence of 1.0 
ppm of isobutylene, 9.4 ppm of ammonia, 10.0 ppm of ethanol, 
or some other TVOC. The sensors were replaced every 6 mo 
with new, calibrated sensors. In the analysis, we compared the 
supply air parameters with the room air parameters; both air 
sources were evaluated by using the same set of sensors. In 
addition, each room was equipped with an exhaust duct probe 
that measured temperature every 1 min. The system had the 
capability to operate as a demand-controlled ventilation (DCV) 
system, automatically increasing air exchange rate in a room 
when a monitored parameter exceeded preset threshold values. 
For this study, the DCV portion of the system was used only 
during TVOC clearance testing.

Caging and husbandry. All animals were housed in IVC (Tecni-
plast, Milan, Italy) that supplied 530 cm2 of floor space for mice 
and 904 cm2 for rats. Each cage consisted of the cage bottom, 
wire bar, water bottle, and a filter top (Reemay 2024, Dupont, 
Wilmington, DE). The HEPA-filtered ventilation blowers were 
set to supply (per minute) 11.6 L of air to each mouse cage and 
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in ammonia level within the cage as measured 14 d after mice 
were placed into a clean cage.

TVOC levels. The level of TVOC in the rooms was below the 
sensor’s limit of detection for 99.7% of the time across all rooms 
and ventilation rates. We observed occasional spikes as high as 
2.0 ppm of isobutylene in several rooms. These spikes typically 
lasted for 30 to 60 min and were associated with times when a 
researcher was using ethanol within the room.

Ethanol clearance. The level of ethanol in the room air peaked 
at 10 min after a spill. At the high ventilation rate, the ethanol 
level dropped to 45% of the peak value after 25 min, whereas 
at the low ventilation rate, the ethanol level dropped to 87% 
of the peak value after 25 min (P < 0.0001; Figure 5). At 40 min 
after an ethanol spill at the high ventilation rate, the ethanol 
level was 10% of the peak value, whereas the same decrease 
took 55 min at the low ventilation rate. With the DCV system 
activated, the sensors detected a high level of TVOC at 10 min 
after the spill, and the ventilation rate increased from 5 ACH to 
15 ACH. Fifteen minutes later (25 min after the spill occurred), 
the room level of ethanol had dropped to 19% of the peak level.

Discussion
This study shows that air quality is acceptable for both 

humans and animals at a room ventilation rate of 5 to 6 ACH 

spill occurred 10 min before the next scheduled room sampling. 
In addition, the DCV system was tested to determine whether 
a high rate of air exchange cleared the air of TVOC after a sig-
nificant level was detected.

Data analysis. The air quality sensor and other data were 
compiled for each room and time period by using Excel (Mi-
crosoft, Redmond, WA) for data processing. Values are reported 
as mean ± SEM. A Student t test was used to compare all data 
(GraphPad Software, La Jolla, CA). Significance was defined 
as P value of less than 0.05, unless indicated otherwise. For 
comparing particulates with allergen levels, a linear regression 
calculator was used (GraphPad Software).

Results
Differences between room air and supply air. The highest 

levels of CO2 occurred when people were in the room, when 
peaks of around 100 ppm above the baseline room level were 
common. We also observed a diurnal fluctuation of CO2, with 
the nighttime level about 50 ppm higher than that during the 
day. Room air CO2 was significantly (P < 0.0001) higher in all 
rooms at the low ventilation rate (5 to 6 ACH) compared with 
the high ventilation rate (10 to 12 ACH; Figure 1). Room dew 
point temperature was significantly (P < 0.0001) higher in 7 
of the 8 rooms at the low ventilation rate compared with the 
high ventilation rate (Figure 2). At both ventilation rates, both 
the CO2 level and dew point temperature tended to be higher 
in rooms with a greater density of animals. Particulates in the  
outside air averaged 950,284 ± 6756 particles/ft3 and after 
passing through an air inlet prefilter, the supply air averaged 
365,285 ± 2801 particles/ft3. Particulates were significantly  
(P < 0.0001) higher in the rooms at the high ventilation rate 
(270,737 ± 1474 particles/ft3) than in the rooms at the low rate 
(241,509 ± 1282 particles/ft3).

Room temperature. During the high-ventilation periods, 
0.2% of the time the temperature was more than 2 °F below 
the set point, and 0.3% of the time it was above the set point 
by more than 2 °F. During the low-ventilation periods, 0.0% of 
the time the temperature was below the set point by more than 
2 °F and 1.9% of the time above the set point by more than 2 
°F. The maximal temperature deviation from the set point for 
any room and period was 5.0 °F above the set point and 3.0 °F 
below the set point.

Room allergen and endotoxin level. There were no differ-
ences in Mus m1 allergen (Figure 3) or endotoxin (Figure 4) at 
the different ventilation rates for each room. Both allergen and 
endotoxin tended to be higher in the room with a density of  
1.2 cages/ft2 (540 cages) than in the room with 0.6 cages/ft2  
(170 cages) at both ventilation rates. Correlations between room 
air allergen and particulates were not statistically significant 
(0.6 cages/ft2: r2 = 0.5423, P = 0.0591; 1.2 cages/ft2: r2 = 0.4091, 
P = 0.1219).

Intracage parameters. Temperature was 0.3 °F higher (P < 
0.0001) within the cages at the low ventilation rate (Table 1). At 
the high ventilation rate, the intracage temperature was 2.8 °F 
higher than the room temperature; whereas at the low ventila-
tion rate, the intracage temperature was 3.3 °F higher than the 
room temperature (P < 0.0001). Relative humidity within the 
cages was significantly (P < 0.0001) higher during high ventila-
tion than during the low rate. No difference was seen in dew 
point temperature within the cages or the difference in dew 
point temperature between the room and within the cages at the 
different ventilation rates. CO2 within cages was significantly 
(P < 0.0001) lower in rooms with the low ventilation rate than 
in rooms at the high ventilation rate. No difference was seen 

Figure 1. Difference in level of CO2 between the room and the supply 
air at the 2 ventilation rates (low, 5 to 6 ACH; high, 10 to 12 ACH) for 
each room, indicated as those housing rats (0.5 cages/ ft2) or as the 
number of mouse cages per ft2 of floor space. Data are presented as 
mean ± SEM. In all rooms, CO2 levels differed significantly (P < 0.0001) 
between the 2 ventilation rates.

Figure 2. Difference in dew point temperature (°F) between the room 
and the supply air at the 2 ventilation rates (low, 5 to 6 ACH; high, 10 
to 12 ACH) for each room, indicated as those housing rats (0.5 cages/ 
ft2) or as number of mouse cages per ft2 of floor space. Data are pre-
sented as mean ± SEM. Except for the room with 0.1 cages/ft2, dew 
point temperature differed significantly (P < 0.0001) between the 2 
ventilation rates in all rooms.
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TVOC sensor was unable to detect any prolonged elevation that 
could be attributed to increased levels of ammonia. However, 
the TVOC sensor occasionally detected spikes that corresponded 
to use of ethanol in the room. Clearing the air of ethanol after a 
spill took longer at the low ventilation rate than the high rate. 
However, with the DCV system activated and starting at a low 
ventilation rate, time to clearance was faster than at a high 
ventilation rate, indicating that demand-controlled ventilation 
is useful in situations in which hazardous chemicals are used.

CO2 has been used as a surrogate measure for the adequacy 
of ventilation. The 2010 ASHRAE standard for ventilation for 
acceptable indoor air quality states that when the CO2 level is 
less than 700 ppm above the level of outdoor air, the ventila-
tion rate is adequate to dilute odors from human bioeffluents 
(body odors) most of the time.1 The safety limit set by OSHA 
for CO2 is an 8-h time-weighted average of 5000 ppm.19 Even 
though the cage exhaust was directly vented from the room 
and not recirculated within the room, we observed higher CO2 
within the rooms compared with CO2 in the supply air. In our 
study cages were positively ventilated with 30% (per minute, 
3.5 L for the mouse cages and 7.0 L for the rat cages) of the air 
pushed back into the room through the filter top. This effect was 
evident as a diurnal fluctuation of CO2, with higher levels in 
the room during the night, the period during which mice and 
rats are predominantly active. In the more heavily populated 
rooms, CO2 was 85 to 125 ppm above that of the outside air at 
the low ventilation rate and 45 to 75 ppm above the outdoor air 
level during high ventilation. Although these differences were 
highly significant statistically, the levels were still well below 
those considered hazardous, and thus we consider these differ-
ences to be operationally irrelevant.

To determine any effect of room ventilation rates on moisture 
in the air, we compared the amount of moisture in the exhaust 
and supply air. Because the temperature differed between the 
room air and the supply air, which was sampled before the 
reheat coils for each room, we report the amount of moisture 
as dew point temperature, which is a temperature-independent 
measure of the amount of moisture. Although the moisture was 
significantly higher in 7 of the 8 rooms at the low ventilation 
rate, the difference was only 0.25 °F, which is very small and 
operationally irrelevant.

Particulate levels in the outside air were almost 3 times higher 
than in the supply air, demonstrating the effectiveness of the 
prefilter through which incoming air passes. Interestingly, 
particulates in the room air were significantly lower than in 
the incoming supply air, most likely due to particulates settling 

in rodent rooms that are using direct-exhaust IVC systems. In 
particular, levels of Mus m1 allergen and endotoxin within the 
room did not differ at the 2 different room ventilation rates. No 
operationally relevant differences were detected in intracage 
environmental parameters. Although statistically significant 
increases in room CO2 and dew point temperature were seen 
during the low ventilation rates, the differences were within 
acceptable ranges and are likely operationally irrelevant. The 

Figure 3. Mus m1 Allergen level (ng/m3) in 2 rooms at the 2 ventila-
tion rates (low, 5 to 6 ACH; high, 10 to 12 ACH). Data are presented 
as mean ± SEM. Allergen levels differed significantly (*, P < 0.037) be-
tween the 2 rooms at the low ventilation rate.

Figure 4. Endotoxin level (ng/m3) in 2 rooms at the 2 ventilation rates 
(low, 5 to 6 ACH; high, 10 to 12 ACH). Data are presented as mean 
± SEM. Endotoxin levels did not differ between rooms or ventilation 
rates.

Table 1. Intracage parameters (mean ± SEM). Temperature and dew 
point difference is between the room and cage.

High ventilation 
rate

Low ventilation 
rate

Temperature (°F) 73.3 ± 0.02 73.6 ± 0.03a

Temperature difference (°F) 2.8 ± 0.03 3.3 ± 0.03a

Relative humidity (%) 48.1 ± 0.1 47.0 ± 0.1a

Dew point (°F) 56.56 ± 0.07 56.47 ± 0.07

Dew point difference (°F) 10.43 ± 0.08 10.43 ± 0.08
CO2 (ppm) 1230.8 ± 3.5 1190.5 ± 3.4a

Ammonia (ppm) 15.7 ± 3.9 14.8 ± 3.7
aSignificant (P < 0.0001) difference between the 2 ventilation rates.

Figure 5. Clearance of a TVOC (ethanol) spill in animal rooms at dif-
ferent ventilation rates (low, 5 to 6 ACH; high, 10 to 12 ACH) and with 
and without the DCV system activated. Data shown as mean level ± 
SEM. Significant differences (*, P < 0.01) among means are indicated.
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tected any level of ammonia within the rooms. Because we had 
no control over when researchers used ethanol within the rooms, 
we did not analyze TVOC levels at the different ventilation rates. 
Instead, we created a controlled spill of ethanol and examined 
the levels at different time points at the 2 different ventilation 
rates and with DCV activated. Others have performed similar 
studies of a TVOC spill in laboratories and found that at higher 
ventilation rates, the peak concentration is lower and clearance 
occurs faster, with the greatest improvement observed between 
6 to 8 ACH and very little improvement above 12 ACH.12 In 
our study, we similarly observed a faster clearance of TVOC 
(ethanol) at the higher ventilation rate. When we used the DCV 
system, the TVOC sensor detected a high level 10 min after the 
spill occurred. As programmed, the DCV system increased the 
ventilation rate from a base of 5 to 6 ACH up to the maximum 
of 15 ACH. Our results indicate that this approach is very effec-
tive, because the air was actually cleared faster than occurred 
at a constant rate of 10 to 12 ACH. However, many hazardous 
chemicals that may be used or spilled in the facility may not 
be detected by the TVOC sensor, and therefore DCV systems 
may not increase ventilation to clear all contaminants equally 
well. In particular, sensors may not be able to detect some of the 
typical chemicals used in animal facilities, such as cleaning and 
sanitizing agents, anesthetic gases, and formaldehyde.

We chose the level of 5 to 6 ACH because this was the lowest 
rate at which all the air from racks could be directly exhausted 
and still maintain a positive pressure within the room. A typical 
room of 300 ft2 and containing 2 racks needed 100 cubic feet per 
minute (cfm) of exhaust from the racks, 100 cfm for the pressure 
offset, and a minimum of 50 cfm from the general room exhaust, 
for a total air supply of 250 cfm. With a 9-ft ceiling height, this 
equates to an ACH rate of 5.6. Setting ACH rates lower than the 
current standard of 10 to 15 ACH requires directly removing the 
air from the IVC rack exhaust to the building’s exhaust system 
and not recirculating it into the room. In setting the supply and 
exhaust airflows, managers need to consider the overall room 
layout, design and functional ability of the HVAC system, IVC 
rack design, and required cage and room pressure differentials.

We estimate that at our facility in southern California, 1 cfm 
of air annually costs $3.50. Lowering the ventilation rate from 10 
to 12 ACH to 5 to 6 ACH decreases the air usage by 225 to 315 
cfm of air in a typical rodent room measuring 300 ft2. At US$3.50 
per cfm, this decrease would save US$800 to US$1100 per room 
annually, resulting in significant energy and cost savings.
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the cage, number and type of mice, days since last cage change, 
and bedding type.13,16,24,25,30,31 In our current study, somewhat 
surprisingly we saw lower levels of CO2 at the lower ventila-
tion rates, even though the room levels of CO2 were higher at 
the lower ventilation rate. We also noted a higher temperature 
within the cages at the lower ventilation rate. These differences 
are most likely due to the sensor we used, which has a reported 
accuracy of ±30 ppm for CO2, ±0.5 °C for temperature, and 
±3% for humidity. As measured by dew point temperature, 
the amount of moisture within the cage was same for both 
ventilation rates, but given that the temperature within the cage 
was slightly higher at the lower ventilation rate, the relative 
humidity was lower.

In the current study, the only periods during which the level of 
TVOC exceeded the limit of detection for the sensor was when a 
researcher used ethanol in the room, indicating that we never de-
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