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ABSTRACT 

LaboraJory animal wmtilaJion systmu shollld provUk 
a Maltby and plea.rant e11vironment for both animaLr and 
animal caretakers. Mlcroenvironment (cage) conditions that 
animals experience may ~ markedly different from tM 
macroenvironnlent (room) conditions apgienced by tMir 
ctintaken. Specifying laboraJory animal ventilation raJes 
in terms of room air aclumge rates often doa not gll61'an
tee ewm minimally acceptable environments for tM labora
tory animals. Q11a111ification of tM cage ventilation rates is 
important to under.standmicroenvironmental conditions and . 
is needed by laboratory animal facility designDS and 
operators. Cage ventilation rates at four room air veloc
ities-(), 12, 50~ and JOO/pm (0, 0.06, 0.2S, and 0.5 mis),· 
jiWJ room aieflow directions-() 0

, 45°, 90°, 135°, and J 80° 
from tM front cage swface,· and four caging sys
tems~icro-isolator, shoebox, wire-mesh multiple, and 
wire-mah single-were measured using a thermal equili
brium calorimetry method. Cage ventilation rates ranged 
from 0.1 Lis (0.21 cfm) to 0.18 Lis (0.38 cfmJfor micro
isolator, 0.6Lls (1.3 cfm) to 1. 7Lls (3.6 cfm)forshoebox, 
2 Lis (4.3 cfm) to 9Lls (19 cfm)fordouble wire-mesh, and 
0~9 Us (2 cfm) to 7 Lis (15 cfm) for single wire-mesh 
cages. 

INTRODUCTION , 

Laboratory animal ventilation should balance air 
quality, animal comfort, and energy efficiency to provide 
cage eavironmeuts that optimize animal welfare and 
researc;h , efficiency. . Conditions that optimize animal 
welfare automatically ,tend to optimi7.e research efficiency 
because ins especially important in research to minimiu 
unintended stressors. Additionally, the laboratory animal 
ventilation system should provide a healthful and pleasant 
environment fQr animal caretakers. 

The guidelines and current industry practices usually 
achieve excellent environmental conditions for the care
takers by requiring 10 to 15 air changes per hour (ach). In 
fact, room ~r contaminants such as ammonia are typically 
less than r pp~ when recommended cage sanitation and 

emaoagemerit practices are followed as well as the ven-
tilation gui~lines. 

However, the enviroDQlellts that result for the labora
tory aDUnals-cqe environments-may be unacceptable 
both in terms of animal welfare aad reaearcb efficiency 
with most typical labontory animal cage types even when 
the room environmental conditions meet or exceed pide
lines (Zhana et al. 199la). This finding supports the 
viewpoint that specifying laboratory animal ven.tilation 
systems in terms of room air exchange rates does not 
provide even minimally acceptable environments for the 
laboratory animals. Furthermore, the construction of ven
tilation system and operation costs often far exceed those 
of relatively similar systems used in other specialized ap
plications-e.g., swine ventilation systems-which general
ly do - achieve acceptable air quality conditions at the 
animals' levels. 

The objectives of this study were to measure the cage 
ventilation rates and relate these to cage environmental con
ditions and relate cage ventilation rates to room air veloc
ities and room airflow directions for four typical cage 
types. 

LITERATURE REVIEW 

Air quality within laboratory animal macroenviron
ments (rooms) and microenvironments (cages) is important 
for human operator and laboratory animal well-being and 
for reliability · of experimental procedures (Besch 19 80). 
Environmental conditions of laboratory animals are affected 
by factors such as ambient air temperature, humidity, air 
velocity. and gaseous and particulate concentrations 
(Woods 1980; Murakami 1971). In tum, these environmen
tal factors can be altered significantly by the quality and 
quantity of supply air delivered to the airspaces. ; 

Many researchers have recognized that micrQenviro.n
mental conditions may be markedly different from those in 
the macroenvironment (Murakami 1971; Hirjarvi and 
Valiaho 1987), but most published regulations and guide
lines are based on macroenvironmental requirements (ILAR 
1973, 1976, 1985a, 1985b; NIH 1985; CFR 1984). These 
pides presume that adequate control of the microen
vironment occurs indirectly through control of the macro
environment. Current industry standards recommend 10 to 
15 ach to ensure adequate ventilation (ILAR 1985a, 
1985b). 
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-'ll~t-studies of laboP&oty animal rooms by Zhang:et; . • Measure the temperatures and humidities of incoming 
al. (199ti'fShow that tWUVeritilation rate to the rooms <has 1: ' air ~:itfe;air within the cage ,wb~n as is applied and 
little effect on the mioroeaviroBRMata1 conditiom, especial- : : ;» the ·~ sjstcip -~ its stage 2' equilibri~ s~. 
ly on ammonia concentration within the cage. In these • Caicula=-tbc ' enlbalpy differeoC;es . of air inSli!e,d~ 

..... ~. - .... -.. ~ .. 
studies, the rooms had 10.~to 24 air changes per ;hour. outside the' ~e, Ah1 ._ ~. for stage 1 and stage 2, 
Ammonia levels for all animal rooms were below 1 ppm, respectively. -. ...... . .. ' · 
but within t!W!Ciles ~ levels ·vlriedd1t>m O to SS • Calculate heat transfer rates through the cage shelT; 
ppm. ApPanjddy 1~til~•rates of cages«is'-.oae of the Qc. - - , 
most i•ttmrfattbrs'affecting microeftviroiOMntal con- • Calculate the volumetric air ventilation rate of the 
ditioaS~' ;: -t'11r.: .. ~. ·.: i.i1.. 2:. · "'( ' · cage, •. q, using the following equation: 

Furtiier evfdenc:c of the ptohlems· with conventional · .. 1 
·• • 

laboratci'ry '''~lMnla.I housing ts; sug'"' gested' bu the eftbrts of'·, q • ;:-.v~ - [Q 3 6 :, .. u (AT A ·r. \) (1) 
i11J1 J .· A £ . - A,h, J -· S -:- • J' L.• J n. j j u j-2 .• :--._- "".. J_ .. _P __ Keller · '~ al. (1983) to devetop·iiidividually ·Vefltilated ; u."2 ~ -

cagin1 systems. They developed i& · fo1'Ced~aii't UidiYidWllly r
ventilated caging" system usi.dg 1}l;olftliDyltfilEfridtf1(PV C).:1 · 
tubin1 fitted to ;aiOdent rack. ,::• · "u _,,. ,J' . \: . • ' . 

Wu et al. (198S) developecf' a novel fO~r ven~· -
tilati9n s1stem for rod~t Cig · ·that stlpplied. :t cfJn-(1 
Us)' of'fiesb air wi:tlw{the· ci~· tlle" air velolJity at rat'} ' 
level was around··26 ·fpo{ (O!l'.r' di/ff): Tbese .Jf6rced.oair" 
ven~ation systems for cages reduced the ammonia con
celif~on by1inc~filg tli'e ventilat~on rate within a cage, 
but ltiey require extdi. equipment and increase ·tlicFfoitial 

cost . o~ th~~ .ca~~ ~y~m . . Therefor_e, the f~~~r 
ventilation systems have not been widely accepliil 10 

la6o~tory ;;;u~, raciiities. ·-;;: ;, 

: lntra~ge ~entilai1on was studied by Kelldt et al. 
(1989) using a tracer gas m~thod for three mouse caging 
syste~! shoebox,' s~?eOOx _ with a ~~~l~ film "isola!Or· 
and micro-isolator. Keller'-' reported that the rates of air 
turnover within cages ranged from o. 1· t816 liters perhour 
and that the differenies among the ·~ge iilr'ifilm'Bvet"rates 
were primarily due to the cage type and the houBiDg status 
(occupied or unoccupied). 'fl?.e room air . velocities and. 
airflow directions are presumab1y imporillot1factors t6'clgi;· 
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81ll'llee"tiea of airspace shell,'!n--;~m ~t; ~ :. 
heat con0uctance, W fftl· °F f'N /mi. °C); " 
specific volume of air; ft31lb (m3/kg); 
total number of components of airspace shell 

. ( e.1.' ~mteriof waJJS, four eiterior walls, 
oo.e cc;iling~ uid One floor; ·~:. : 

temperatu~· difference across"]tti component 
of~ sheU; 1liF (0C); . '< . .; 

first equilibrium s~te; 
second equilibrindl state; J . : :. 

}th component of airspace shell. 
... . .,. J • .1. 

In an unoccupied _c.ag~. Ah1 . ~,t .N~ilibrilin;t _state ·1 
equal~. zero and ~ ~u&Js th~ _ 9nffia)py :di,ffe~~nce ·c;r
insid$' air and outside 'air. ThliS, the . m~remeiltt and 
caiculati~~ of the ventilation °1'!1,te, q, ~. significant15/ 
simp~,ified. 

Cage Types '( 'u: 

Four types of cages were investigated in this study: . veqtilation rate but were not reported in Kell,,..'s study, . . • . ,_. 1· : 
- , .. c . - i r i .. i .:." · · oucro-1solator, polycarbonate shoebox with' mesh top, 

, . :; :. .. stainJ~ steel wire-~.Jor double-rat housing, and 
METHOD AND MEA~.8EMENTS n .. _ stainJ~. steel wire-mesh for -.single-rat housmg (hereafter 

Method 
1:.2: .~1." .,,_., r.. : ~ .. " ref~~IL'.(o as i~lator, ~x. wire-mesh (fouble, and 

-;rw· • :· • , .. , wire~ sinaileJ . ~ti_v.ely). These four types of cages 
.. - :J; : ; ,. •.; : were sel~ted .fioin labOruo,Y" rat facilities at a U.S 11 

The equiH~um thermal calorimetry ,p;aethod (.~g :e~ . wll'versiti', ~d :'are wi~!'tf used in o~er· labo~tory ra - I 

al. 1991b) was used in this study for ev~ting,the air ex- facilities.- C9~fi~~i(!ii8 'of the four ~- of ·~get are 
change rate of cage airspaces. The method was silitable for illustrated iit Fijure I' and data used ui · 'tlie f~ll~wmg 
opened airspaces, such as a rat cage, for which it is very sections are specified in Table 1. 
difficult to install traditional flow measurement sensors. . .. , . . ., 
Thermal calorimetry is also harmless to the occupants o~. ::l',;·. ·.§':l~Plemental Heat CO.> 
tlfeaiispace, suitable for-slball airspaces;-and-requires - -· ------ · - - ·-· .. _ ~ .. . . - ·-· --
siU:p~ _instrumentation. ~focedures for l'Ull.i1J1

,9,ie equili:."''· "~ ~:; From the ¢\\irent available data, ttle''~iisib.le heat 
brium method are described as follows: ... ,-production rate of a 0.66-lb (300-g) rat is approximately 

.. 2.5 W (A'SHRAE 1989):'7\ -S-W lreatllrg-'butlrwas-clroserr --
• seiect a supplemental~ source, 

1
Qs• fo~!he airspace., ' as the supplemmi~. ~· source (Qs). w~cj\§i.muJi~.' the 

to be measured. :.. . h"lt production ~>.' pair of 0.66-lbA~.90 g) .' rats .ap-
• __ Measure ~e 'tempe?.tu~ and humiditieSii)fincoming_ proximately producenSince part of the heai '.em~he t~-

air and the air within the cage-when <is is"iiot Siipplieif- "ferre(j by ShOit"iWaveiengdl~nMiTaiiOn ttiffiugil'tlie-1polyear,:·~ . 
and.the.cage. system..teaehe$Jts.~uilillri1'DJ. ll~.· -· - .. ... bo,..Mte..£.!&.e .. sh~lr!.~l'-' ~g_o ,Jb,'fuµ,gh'.~~staQi'J~:.~~J ~ 
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Figun 1 ·,; S/cetches f!f,i asing_ ~f~et:l!rfi (a) 'flicro-isola
tor,· (b) polycg.,r,J;~nate sho1box with metal 
~h top,· (c) '}N.ire-mahf01:..mulliple raJs,· (d). , ·· ">; • \. "" .\o. ' ••. • ~ lt- l." 

wire-mahfor;-_sinNk rat. ~ows)!' 1hefiglll'e 
refer to room '4ir. directions. Plain and hidden 
surfaces are soil$. :.: :;;, · 

... ., . 
~ •./ ... 

cage shell , a guarded beat .box was used to block the 
raqi~t beai-·ioss t$ugli' th~· cage ·sbell. The guarded beat 
box 1w~ lfuid~ 'o(btael!:'~galvaniziAf'aieet steel with a high -" 
b~t cond~c&vitY'value and ii8d dimensions of 8 by 2 liy 2"'. 
in~h~ · (20 .by s "'by 5 cm); which is approximitely .. th~ c 
volume of a pair of 0.66-lb (300-g) rats. The beat box -Wai-• 
located 1 inch (2.5 cm) above the cage floor and !t the 
center of the floor area. · · "i:·<. · 

Room Air Moyement 
p~ .: · . :.t; 

Air vetoeihes across cag~ ·~~~ controlled by using a 

6-inc~ ~15~m) variable-SJ>ee<! :f#:'., Four levels of~~ air 
1 veloc1t1es-O, 12, 50, and 100 (pm (0, 0.06,, 0:2 , and ·b .S

m/s)-were selected for this' snidy. These "':ai·r veft16fi&:v 
w~re considered ' to bracket cy~i&J roooi a:ir veiocities 

1Ui1
"'" 

existing i;~ratol}'. rat facili ties (zbiuig et ~~-~ 1ma)~ ·Raoof 
aii ~~lociti~ 'V!(ete measured at a point 3"irl_the's~ (7'.5 cm) · . ; .. . .. ·:: 

-~ '' . r. 

before. the room air. reached the: ~ge. Directio~"q~fOOm 
airflow we1e.0°, 45°, 90~~;lJS~;, .iuN,_ 180°, as111qg"8 in 

Figure 1. u •J.. . • ;·y_: 
· • ' N,1 1; ·; ~·1, · .• JJ. ITF iJ 

Cage Temperature Measurements :K-~ ~~ ; . ~.:~· 
.::.· ~· · ~ . b:'~ .;· inc 

Average ·,_temperatures willW\r cage .l!i~~ were 
measured atcfour locations, and ·elqJJ;:J>@jot ~*'·,~ mid
point of a(1~ upMf comer ,and an ~~ 4~.1t1oox 
comer. The locations of temperature-sensing points had. to 
be selected carefully. to 1~e ~~best ~.~Dl~l:f;fure 
ev~uatiQJI' It '!WaJ· ob~~- '~ air tempera~~· · 't''thin 
cage llti~ i'!J4f.i>' ~~,09e :eomer. Jp another because. of 
incoiqpb;te ~g o~e:aif. Jb.e four-l~tion temperature 
measurt"°'°~ .&&~~1• IWfDJ~r~~mperaturiwi~ the cages. ' 
Humidity ratio of the rocim air was m~red using a 

~Jiani~: !tff>irated psy~meter: 
The ~~$ ... of ten;ipemtu~. and bumidit~es ~f;S 

cou.ducted ·\o .unoccupi~ ~~-,_:.v!th ~W!!;ted rats. for th.is 
partjcµlar iStudy, liv~ ,~ ~e~ not ~-because: 

- t.)::: .l;: . .. ... . ' ' . 

• It ii! difficult to ~~re tli~; mwjn ~! , teµipera,~~: 
wi~,,the cage airspace beca~ ;1he ~}nay s.~~)1'. _ 

m.c~, ·and move the sensors . ._1?.. . ,. 

• . SU~fPOSition of the supple~n'tat a;t~ PY.Cr the heat • 
production of rats within the 'Cage -.you.ld

0

·~lt in a 
- high"~~ temperature and cause ;~rro~~usly high da:'ge 

air ex~banges. • ··' · 
• . , }}le~ h~t pri~f.tion rates of nits wduld chao.ge ~ · 

.. , response to theJugber temperat\lre. ·y anation o f niC 
b~t, .prod~ciioll;;·would introduce larg_e . errors when · 

us~:$,~~\f ·~~~~Jn_calorimetrr,_~eth0d (Zhang et al. 

1?91b), :. :::r:, b:· . . 

C~!ilJr~tio~ of ~~'-t Cond~ctance of Cages 
..J __ ,:· r1· • !>L .! • . . ~. . .., 

When evaluating beat loss through the cage shell: •• hdit 
conductance of the cage shell must be determined. Being a 
function of the conductivity of cagi~materials and die hi!fj· · 
convection coefficient of cage shell surfaces, the overall 
beat conductance, U, is a function of cage material, shape, 
surface roughness, and airflow. U-values can be deter
olliled f~r eaeh 'Cage at each · room air vekJCity using the 
following -proeCaU~: - ·"· 

; rl ~ i.: . ~ . 
••• •• • 1 ... 

TABLE 1 
·.' .. ;iff,' \'LJ;.., . .-i · :.. 

· ~on of Cages' · :>' :. · · 

r, , ·: Callbrado,'I 
. Area·. 

•: r ·' ri2~im21 

::J~~!~:t~i-"!~~ .. 'r·1t;<>_ .,P.. ~ ' '.~:· Polycarbonate '' 4.83 (0.43) 
- "Shoeliox mesn;top · 1 '· . , _ Pol9~arbokate ' Ji 'C 4.83 (0.43) ' u 
· '1Wite:.mllti'fi·'-rii"oitlple •· ' ' . Staiinfitti's steel ,, L" ·11/1 (0.441 
-;;Mtlr•mesh'-:aiOQte: '• ~'- , ~ ·Steinl•H :iltael . ,, • . ,,_ . >- 2:;6: (0.2ft:,•1·..; · · 

+EncloMd · ··~~ •it!• i-.d for"oellbletlod .o f hii~ oiil'id(l!Jt.i:ice-.• u~· ;-1 :1 ·. ,;.. 

se~.·'-\'f~ere• ll'MIHure;,. 17?'!' ~· 1~1q'~" . .. ~""1:.~ , ,: 1. ~ • 

5.49 (0.51) 
4;52 (0.4il . ;l 
2.8 (0.28) 
11oa,<0• 185l . 

,· .. , . 

.. 
Volume 

.89 (.02531 
·. ·9~3 (.0191'-'"k 

.63 (.Ill 791 . 

.28 (.0079)5!' 

2 
-'2 
2 
1 



• Completely enclose the cage airspace with the same 
material as the cage material so that there is no air 
leakaae to tho room airspace. When a supplemental 

lions versu room air velocities for four caging systems are 
plotted in Fipres 2 throuab 4. 

beat source, Q1 , is applied within the enclosed cage Fresh Air Exchange Rates into Cages .:~· 
airspece, the cas.!.air temperature will rmcb a steady _,. -· ·- ... · , ·=~ ,;.. ... 
state. Since therels no air exchange between the cqe The air excbanae rate, q, in Table 2 refers to the rate 
and the room, heat (Q

1
) can only be dissipated through of room airflow into a cage or cage airflow o'lt 1o the 

the cage shell. room. Note that the room air exchange rate of a age, q, 
• Measure the steady-state air temperature within the is different from the fruh air exchange rate of a ~e, q1• 

cage . and the room tempeniture and calculate· the . TI!!. subscript i indicates fresh air from the outside- of the 
difference of these two temperatures, t&T. -- -room'.:nµs aASumes, that due concentration lev~.fs of a 

• Measure the area of the enclosed caae (A) and d~ter-... ~ .. -. C<fatanrinaot g.S..01..padlculate are ·c
11

, c,.. and 0 lor cage 
mine U using the equation p""' Q/(..441). air, room air, and fresh air, ~tively. B~ the 

, content of the concerned contaminant should be dle same 
This U-value is -the average heat i;Qbduct.aoce of all in the cage-fresh air exchanae and the cage-room air 

enclosed cage ~; the differences of U-values, ~m · .. .QX~an~.. . ~;~ 
the enclosed cage calibiition and the real open cages · may • ' • ::-' ... · · q,(Cc +Cr) • q Cc, , (2) 
come from the following error sources: 

,, ., ···- · the-rel~il!nship·betwemi r,_'and q ·can be obtain~ from 
Flow pattern changu. A real cage ba's some surfaces Equationl3: · ' • 
(e.g., the front and the bottom of a wire-mesh cage) . · ~ .• ' ·· t 
open to room 11i""ace. An enclosed cage during U q

4 
· A. c (3) 

--r i • C + C q. 
~m.tion changed the cage c0nfiguration and hence .1, • _,, • . c r 

changed the flow patterns across the cage surfaces. Equation 3 .,ws that the fresg air exchange rate, qi, 
These flow pattern changes introduce differences in the is always smaller than the room air exchange rate to the 
convective beat transfer coefficient. cage, q, because the factor C/(Cc + Cr) is always less 

• Incomplete miJcing of air. Temperatures within a cage than 1. 

• 

airspace are not uniform, especially when a point 
supplemental beat source (e.g., a rat in the cage) is 
applied. Since the equilibrium calorimetry method is 
based on ar 'lilq.mption. of. ~mpl-... .. -mixing, the 
average temperatilre witblD the cage airspace should be 
carefully evaluated. ~ air _t~mperatures were 
~red at the same four pomt's for calibration and 
the real e&Je in this study. !he gradient of cage air 
temperature was expected t8 be different from the 
calibration to a real cage . . : 
Effects 'df flow pattern cliange_ •d incomplefe .. mixing 
on U-value calibration may be large for these wire
~ ~ges beCtuse of front and.bQttom open surfaces. 
These effects ,._~ere expected"-to be negligible for 
isolator and shoebox cages .be<:ause they onJy have 
open surfaces on the top. -~~::. 

Cage Ventilation Requirements 

Guidelines and standards (ILAR 1973, 1977; Besch 
t9SO) ~~d ; ·;e.Dtilation rite of0.8 cfm (0.385 L/s) 
per rat with 15 room air changes per hour. This 15 air 
changes per hour was presumably enoug~ air .cq meet the 
0.8 cfm (0.385 Lis) per rat ventilation require~nt. If cage 

·air-. .could be mixed completely with room air, the re-
quliement of 0.8 cJm (0.385 Lis) per rat would be satisfied 

. widiout difficulty,, For ~~ample, a 25 by 16 by 10 ft (8 by 
S"or3 m) room can boUse 700 rats at its fulfgapacity. If 
the room is ventilated at.15 aeh, then the ven&iJation rate 
per rat will be 1.5 cfm (0. 7 L/~whi~b is at.Jbost double 
the recommended 0.8 cfm (0.385 Lis). The recommen-

-- .~ions of room air changes per hour are usually fulfilled 
' by designers of animal facilities, but th~ ventilation rate per 

- animN. .. witbiP tM-~ is usualJy ~-~~. evaluate.(~ 
" P ., -- " • ,J•"' RESULTS AND DISCUSSIONS ( .~'. .)t; . .. .. ,. ,, 
.. , ... t,,'lif:ro..iaolator ·caoe ... 

Results 

.A totaJ,.,of 80 trials were made for .. ~e measure
ments-four caging systems, four room air velocities ap
proaching the cage, and five airflow directions (4 by 4 by 
5). The 0° direction refers to the room air flowing perpen
dicularly into the cage front surface and 180° refers to 
airflow into the rear surface (Figure 1). Results of the 
measurements and calculations are listed in Table 2, and 
cage ventilation rates under different room airflow direc-

; ~ ·. I ::· ~-· · . :i 

As listed in Table 2, the micro-isolator cage room 
exceeds the 15-ech recommendations, but the cage air 
ventilaticili rates ire ·0.2'.r to 0:4 ·cfm (O. t>to 0.18 Lis); " 
which is atready fower tUn tb'e 0. 8 cfttt1(tD8S Lis) per rat 
requirement. Moreover, the common practice is to house 
two rats in a micro-isolator, which only allows 0.1 cfm 
(0.05 Lis) per nt. Consequently, micro-isolator cages with 
these measurements have poor environmentaJ conditions 
because of the low ventilation rates. 
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TABLE 2 
Results of M.........,ts mid Calculations 

Angle 
of Air' '•;• ~----...,~-. -~ ·-' ~_, . 

Airflow Vefocitr: ·•· l !!il••m: S!JS!!il~ Wlre-M .. h Double Wlre::M!•h Single ,, 
e-~;x- ' ,,q act! ' •cH . (ctm'f '- . ..__ ' •ch ,, •ch 
(fpml (cfml :;' ... .... (cfml· (cfml ~ I ~. --

o• 0 0.22~ 15 1.581 141 4.689 443 2.305 495 
.. ~e-uJ>!!,r. 0.259r.- 17 1.853 148 5.209 494 2.072 445 

50 0.311{~ 21 2.880 239 .. 
~ .. 9.123 885 4.803 1032 

100 ' o.34~ 23' 3.3M .. 295 18.756 1590 15.367 3303 
~ ·-"•"' . <- i"22-~ 

.... 
45° 0 - 0.257 17 1.36<> 5.0%1',; 477.. 2.605 560 

o.21t=: ·1~--1.2 ... 19 1.598 :-~ ... 5.435 516 2.374 510 
;~~ 0.287-:-· 19 2.905 260 '"·~~ 1596 3.119 670 

-~" 3.630 18.900 1793 7.820 1681 100 - . 0.306 21 324 . -~ . 
~~ ... t. ... ... 1t 

so• . ; 0.241 · ' 18 ' 1.529 .. •',, 137 I -::5 .• 719 543 2.723 585 
..- .. ........,i 

1'77· ' '"!f.692 12 0.27t'.' 19 1.977 540 2.583 555 
50 0.34~ - 23 3.167 283 15.114 1434 J.480 748 

100 0.371 25 . ~~-3:4~1 · ---:_~¢'!"""' 1r.oo8 
·· -.,.eo3 '" _ _ ____ 7~3 

1591 

135° 0 0.274 18 1 .3~,~ .. 
12 0.295 20 1.7~ H O 

50 0.317 21 2.107 
100 ;i: 0.342 ._.,. 23 2.751 

180° 0 0.210 14 1.487 
12 0.260 17 2.039 
50 0.317 21 2.486 

100 0.342 23 3.299 

a room airflow direction with respect to cage. 
u room air velocity at caga front. . 
q volumetric ventilation rate (room to cage or vice versa). 
ach "" . air.ahanges.{J.er.hour bat~ee~ tbom-air and cage t\lc. 

. . 
It should be noted that ths.lieat~·g l~ad within ll'ie cage 

has a large effect oli: the cage" ventilation rate. A heating 

12! i4.498 .. ..427 2.018 433 
157 .;4':464 . . !~ 424 - " 2.191 471 
188 8.437 611 2.246 483 
246 11.382 1078 3.531 759 

I' 

133 4.360 ·414 2.131 458 
182 4.322 410 2.585 556 
220 8.451 812 2.347 505 
295 9.741 924 3.537 . 760 

_,... 
I 

Shoebox Cage 

source (rat) in the cage will increase the cage air tempera-. Ventilation rates for a shoebox cago-were estimated at 
ture and hence inc~ease' the buoyancy force to accelerate ' , between 1.5 and 3.6 cfm (0. 7 and 1. 7 Lis). The ventilation 
the mass transfer. ·The ~entilation rates ' for micro-isolator ·rates of shoebox cages depend on the type of ~op cover. In 
cages were also measured usi.Df a catb.:on dioxide tCM;er gas this case, the shoebox cage was covered with a sheet of 
method add the results are as" follows: ; , . ..._"'~-~ -., mesh-metal that had about 20% open area t<) , room air-

--+- . ..._, · ~· In practice, many shoebox cages have a much larger 
• With 11. "5.~W:. S\lppldmental be«t .source, the cye. .. Y.t'!!:;.~. ~ open ' area :-tfl f.9i>1!'~ace (e.g., topJ,ed with wire-mesh) 

tilat~ft1'll'mS"Were"measured as 0.2 cfm (0.1 L/s) with ...... and the ve1tt;lMiii rWUS:li>~se.: ~will b:e larger than 
room air velocity at the cage front less than 10 fpm the values measured in this study. :... 
(0.05 mis), which agrees well wup :tGe <lat& measuiiil'"' ~r-- ..... 
using the thermal calorimetry metlf6d. ·... ._, 

• Without supplemental heat, the cage ventilatjon rates \ ' Wi(e-Me•h Cag.~ ·:: : ~ 
were measured as 0.025 cfm (0.012 Lis) with room 

· air vet0cify at the~cage front l~·,tbtul -10 fpm (Q!05 .. 
mis), which is eight times less than the cage with a 5-
W heat source. 

Therefore, cage ventilation rates presented in Table 2 are 
almost the highest values for normal housing conditions 
(two 300-g rats in a cage). The smaller the rat, the lower 
the cage ventilation rate will be. 

To simulate the cage rack, the tops of wire-mesh cages 
. w~te 'cov~ wi~. solid ' ntetal sheet&. Although only the' 
front i~ and floor ~ :Wire-mesb-.Surfa.ces, both wire
mesh cages (multiple and single) had high ventilation rates. 
The wire-mesh double cage had ventilation rates of 4.4 to 
19 cfm (2.1 to 9 Lis) and the wire-mesh single cage had 
rates of 2 to 16 cfm (1 to 7 .2 L/s). In fact, the ammonia 
concentration levels within wire-mesh cages were much 



lower than those of micro-isolator u4;~oebo~ caaes -.. ,_:r 
according to a survey of laboratory rat t,.c,~~ties (puui1 et 

al. 1991a). '"r' . . 
The effects af room air velocity 0n cage ~ 

rate were: . ,: "" 
.• . .:-; · ~ 11;:: ~ 

• Micro-isolator cage: The cag~ ven~.l@#.on rate in~'- .·.·: 
about 509'"'.wlien the room air velC?iCr,~.,,at <'.~·cage 
front chanlOS from 0 to _40 ~ .. (0,2 mis). lf0.wever, 
this effect declines when the room -au vel9.CitY is 

higher than 40 fpm (0.2 m/&) for .~ micro.:~1ak?r...n 
cage (Figure 2). The main,driv,ing,fPrce for the . 'f"~e 
air exchange is the buoyancy d~ to th~. Jemperat;we 
difference between ,the ou~jde·· UJ.~ inside ~r of an 
isolator cage. Apparently, the filters on top of, .. ~e 
mic~jsolator cages 'dQ,,.at · alJpw, .much w. ~XC:~I~.:' ~i. 
even -with high l'QQQI . '4tiatilati~n rates aq.4-W.1h-COQ,m 
air velocities. .;. '.)·: ' : ~ ::: . .'i .~ .. .:.. ··'·'·'· •• u· 

• Shoe-box cage: ,fbyentiJ.~on .~ of.• sh~~~ ~ge 
vary::largely wUb {Q!l),oi lair velooitY., .. ~~!D ven_~~on 
systems that.ca11&e,1l 100-fpa:q..{0.5-f!Jl~>isaB.e _face iiir 
velocity can result in three times as mueh case ven
tilaaion ·M,whe.n the air v~lc;>eity at 1'J,e cage fro~ isJ~. : .
than 50:..tpm (0.25 mis),., ·A shoebox cage that I:iouses 
two 0.66-lb (300-g) or larger rats will have a ven
tilation ra~ of,_Q.67 cfm (0.3l,.Lfs) per rat and result 
-in .a -pQOr -mi~pviroiµpent \l(jth ,still room air. The 

- :v.entii.tion. IW..-·requiret¥,nt (O~ cfm per rat) . can be 
satisfied by ·inc~g.tbe:·roo~ ·!llr velocitY,~ 4,~. ~ge 

· face to 12 fp~ (O.~ m/s) o~-~~~J:ffo~ev,~r; ~~.b air 
velocity can cause di~ort fa .~~~· The_.~?ysio
logical responses of rats to .~r v~I~~ _ npe9,.Jp be 
studied. ,;:: ,,. .. , .. , 1 · 

• Wire-m~ cage: . B~use ~-of large Q~-~ room 

air vel~ty ~~- ~~ge ef!~t. 01:1 ~~~· venw.~~ion of 
wire-mesb cages. Generally, the cage ventilation. rate 

inc~ ~ith·rog~ air veloci~. when it is more ~~· , 
20 fpm (Q, 1 mis). - 'W4~._~e,,w.o~, ~jeloci~. i!\.)es8' · ~ 

, than 2~ fp!D, cage· _v~tf,Iatio~i,s .~r ~~' ~1~~~r,an
~Y drivil;lg. mass ~~.f~r rath4tf than to fo_~ ~ivec
tion. Smoke tests under the same ~t~ ; !Ur ;~e!~ity 
showed that most air exhausted from ~e front -mesh 
surfaces in wire-mesh cages. 

Effect of Room Airflow Direction 
on Cage Ventilation Rate 

Room airflow direction has little effect on the micro
isolator and shoebox cages (Figures 2 and 3), and ven
tilation rate variations are within 25 % for all room airflow 
directions. These variations are due to the slight difference 
in airflow patterns across the cage and the error of mea
surement. Measurement errors include ± 10% of room air 
velocity during fan adjustment and room air temperature 
fluctuations (5°F [2.8°C]). 

The room airflow direction bas a large effect on 
ventilation rates for wire-mesh cages (Figures 4 and 5). 

The-,~ _ven~ation rates de~d on the airflow patterns 
acro8'' ~(' ~~- the'~. A'pparend-y, the ai~w 
direction ilittbai~ tho a'llfiow ~ aetoss the cage . : 
-~;;-fuou1lir vel~lty is les81iha.n 23-fpm (O.l mis), 

0° °ii~")dkeelioif'tb~ a WU!e~~-eage didl> not 
incrouo tho cage ventilation ~'~t.He-·wind p~ 
bal~~ lbe buoyancy · rorce-wi~ cag~· so tliiltt-·the 
mass · ~fer rate ~11in!JC~ ·shiolce: tta&ifi!.tdts 
sho~ 1that the · aU: WJVa _\W-e'•W'• cage-ost.ijjnated 
c~iitfv-=- for the'~-~ 'smgte· ca~r." Wliile''45-o and 

90~---~i-flf~~ ~ ~e cage vebtifafio1ifate 'because'bf 
inc~ 1hiri>utence al tli~ -wire"'iDe5li'1frdnt. Backward 
flow"& (13l0 "iud i~06) ·ueetta.se· ibe c!Ag~ · venlilatioo rates 
for ~di1Cloubie and sinale wiJ'elineSli cages: . ..:-: 

·' c6~i:i; ifractice"hG"been to' 'specify the' ventllation 
rei~$~-t--of ~ 1iabd~ry linlmal ·iirspac!· in 'aif'-Changes 
per' li~u"r' ' <~h):· ·fiowe\ter~ ';.tfie: c6nce!pt · oF-'vblulbetric 
venfo1l£io~1 rate -~~ ~ ~is 'P~fera&le tct ai'Hhanges f>er 
hour because the~tattei'lr&s no~~tuiiJfbf'theTSii.i!s of the 
airspace or animal densities. Further, expressing ventilation 
rates as volumetric changes per animal allows for the 
evaluation of cage ventilation rates, which is a.- clearer 
definition .of the ventilation re<Juire~nt regardless_ of the 

• • ' l 1- \1"..'. JV '. . I 

enclosure SlZC and cage types.. _ · 
The following example sbo~s"that th~ ·appftcation of 

the adi concept to cage ventilation rate is vei-Y_ mislblding. 
~ ~ !'I - • I • }. 

The previously mentioned rat room has a vo·tume of 4,240 
ft3 (120 Jil) and bowie.iii 700' rats. Each micr81isofator cage 
bas a vplume of o.9-ft3" (0~0253 m3) and ho~ two rats. 
Tbe ;·~m is vebdl&l.eai'at ·a rate of- -15 ach,. which aUows 
1.S cfm (0.1 · Iis)'~"rat·:: · ne mea8ured'!ventilatioQ!hltes 
are 0:21 c(#i '(O."l U~)· per:~e and Cl.I I cfm-(O.o5· l:.19) 
per ratJTabl'e 2}, ;Whi?ll'is muc~ -lo..Wr than the•ventilation 
requi~ment-of o:!.8 ctai ~0.385~ I.Js}'Per rat. However, this 
0.2l' cfm (0.1 ~asn• caae equ'.11 ll'4 acb, wh1ch appears 
to be ·a:n ex~ ltmt air~change &te but really represents a 
vet'}'"low vetitilation rife and a· pf)()i''inicroenvironment. 

... " . . : .. ·• C:'.ii;J·:.' 1-. • . ,· 

CONCLUSIONS 

1. The ventilation rates of cages largely depend on cage 
type. Micro-isolator cages without independent air 
supply systems did not meet the 0.8 cfm (0.385 L/s) 
per rat ventilation requirement even at high room air 
velocities and ventilation rates. 

2. The ventilation rates of shoebox cages were affected 
by room air velocity more than by room ventilation 
rate. Room air velocities of 12 fpm (0.06 mis) and 
higher ensured the ventilation requirement of 0.8 cfm 
(0.385 Lis) per rat. However, high air velocities may 
cause discomfort to the rats in the cage and the animal 
caretakers. The physiological responses of rats to 
various air velocities need to be studied. 
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