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During the past several years there has been 
increasing interest, particularly among orthopae-
dic surgeons, in the application of clean room 
technology to the operating room. The stimulus 
for this interest can be attributed to Mr. Charn-
ley,1 who has demonstrated a marked reduction 
in infections in total hip replacement surgery 
using this technology. The more precise operative 
discipline which Mr. Charnley developed to com-
plement this technology also appears to have con-
tributed significantly to more efficient surgical 
asepsis. 

It is the purpose of this paper to discuss our 
experiences with horizontal flow clean rooms dur-
ing the past 18 months. We shall review the litera-
ture which contributed to our interest in operat-
ing room clean rooms, our reaction to utilization 
of such rooms and our experience with wound cul-
tures, air bacterial sampling, and wound infec-
tions. 

* Orthopedic Associates, P.C., Den-
ver, Colorado. 

Literature review 

In 1895 Brewer2 reported that 39% of all clean 
surgical wounds became infected. Reviews of in-
fection rates for all surgery showed a 9.4% rate in 
Great Britain3 in 1960 and 7.5% in the United 
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Table 1. Types of organisms found 
in operating room air13 

Staphylococcus epidermidis 4 8 . 7 2 % 
Bacillus subtilis 3 6 . 6 3 % 
Sarcina lutea 6 . 5 9 % 
Fungal species 5 . 0 7 % 
Diphtheroid species 1 . 6 0 % 
Staphylococcus aureus . 5 0 % 
Aerobacter species . 4 9 % 
Micrococcus species . 1 6 % 
Achromobacter species • 14% 
Neisseria species . 0 5 % 
Alpha hemolytic streptococcus . 0 3 % 
Streptococcus pyogenes • 0 1 % 

States4 in 1964. Infections following 
hip surgery have been reported as 
6.4%.3 Early reports of series of total 
hip replacements not done in the clean 
room environment have indicated in-
fection rates of 4 % to f2%-6"10 How-
ever, Coventry11 reports an approxi-
mate 1% infection rate for his 
relatively large series done in a stand-
ard operating room. The figures serve 
to emphasize the diminished but still 
present threat of infection, particu-
larly in extensive surgical procedures. 

Wound contamination may occur 
endogenously from local or hematoge-
nous sources. It may also occur exoge-
nously from contact with contaminated 
hands or utensils or from airborne 
particulate matter.12 Contact contami-
nation has apparently been the most 
important source of surgical wound 
infection in the past. 

Several investigators13"15 have shown 
that the number of airborne microor-
ganisms in standard, occupied operat-
ing rooms varies between i.5 and f80 
per cubic foot of air. In a modern, 
well-ventilated room this figure varies 
between 3 and 6 per cubic foot. The 
concentration of microorganisms var-
ies directly with the number of people 
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and their activity and whether or not 
the operating room door is open. Air-
borne bacterial counts in the wound 
vicinity may be twice as high as those 
peripherally because of the activity of 
the surgeons and scrub nurses. The 
organisms found are primarily derived 
from human shed, although a small 
proportion are of soil origin. Table 1 
indicates the types of microorganisms 
and their relative incidences in a 
standard operating room. 

These organisms are generally occa-
sional pathogens, and enteric orga-
nisms are relatively uncommon. Staph-
ylococcus aureus is also relatively 
uncommon but its persistent occur-
rence in the operating room and in 
surgical wounds has been well docu-
mented.1618 Burke17 has shown that 
essentially all large, clean surgical 
wounds are contaminated near the 
conclusion of the procedure and that 
cultures of these wounds will produce 
pathogenic organisms in most cases. 
Furthermore, he demonstrated by 
phage-typing that both scrubbed and 
nonscrubbed personnel contributed to 
the wound flora. 

Man is a very prolific source of par-
ticulate matter in the air, and this 
material is composed of shed epithelial 
scales, fomites from the upper respira-
tory tract, and bacteria which are 
either free or associated with parti-
cles.14- 19-20 The average individual 
with normal skin sheds an average of 
10,000 viable particles per minute.21 

With standard operating room attire, 
this figure is reduced to approximately 
3,000 viable particles per minute. Ul-
rich16 has shown that all human beings 
have essentially the same distribution 
of skin bacterial population. The 
greatest concentrations are found on 
the head and neck, axilla, hands, peri-
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neum, groin, and feet. The angle of 
the jaw is the most highly populated 
area and it is usually uncovered by 
standard surgical masks. Bacteria shed 
into the operating room air from a 
small source can be detected in remote 
parts of the room in a few minutes. 
This occurs because of turbulent air 
flow, convection currents, and Brown-
ian movement. Shedders of S. aureus 
are those relatively rare individuals 
who distribute increasing numbers of 
microorganisms in proportion to their 
activity; this is not the case with car-
riers. 

The airborne microorganisms shed 
from operating room personnel reach 
the air from exposed skin, through 
operating room attire, and through 
surgical masks. The restraint to shed-
ding provided by muslin gowns and 
caps is very ineffective.22-24 In fact, 
standard gown pore size in relation to 
bacteria has been likened to the bar-
rier effect of a tennis net on a BB. 
Regular surgical masks, particularly 
after more than 1 hour of use, are also 
relatively inefficient bacterial filters.25 

The foregoing discussion indicates 
that infection of clean surgical wounds 
continues and that airborne microor-
ganisms may contribute significantly 
to the production of these infections. 
The addition of clean room technol-
ogy and improved gowning of operat-
ing room personnel to standard anti-
septic techniques has been an attempt 
to provide better control of wound 
contamination both directly from air-
borne sources and indirectly from con-
tact sources. 

Several investigators15'18- 26> 27 have 
shown that the Class 100 Laminar 
Flow Room is effective in removing 
bacterial and particulate matter from 
the air. Microbial levels up to 200 via-

ble particles per cubic foot and partic-
ulate levels of over 1 million per cubic 
foot have been reduced to essentially 
zero at the plenum and less than 0.3 
microorganisms and 10,000 particles 
downstream from the work area. 

Mr. Charnley1 stimulated the appli-
cation of this technology and the re-
duction of his infection rate from 
8.9% under standard operating condi-
tions to 1.3% in the clean room envi-
ronment is well documented. The first 
truly operational vertical flow clean 
room was constructed at the Bataan 
Memorial Hospital in Albuquerque, 
New Mexico, and became operational 
in January 1966. Whitcomb and Clap-
per28 and Whitcomb29 have described 
this room and the drop in infection 
rate from 1.03% in 8,253 cases in two 
regular operating rooms to 0.79% for 
3,408 operations in the clean room. 

Fox and Baldwin30 and Fox31 

proved the feasibility of horizontal 
flow clean rooms in surgery. Instru-
ments on back tables remained sterile 
for 90 minutes compared to a 30% 
contamination rate in a regular oper-
ating room. Others who have contrib-
uted to the early development of 
clean room technology for operating 
rooms in the United States are Good-
rich,32 Beck,33 Coriell et al,14 and 
Bechtol.34 

Special gown materials to prevent 
bacterial penetration and special 
hoods or helmets to prevent shed from 
the head and neck and nasopharyn-
geal expulsion have recently received 
considerably more attention. Finely 
woven materials with very small pore 
sizes and paper gowns with or without 
plastic backing are now available.23-
24, 35 The u s e 0 f pa nts and boots by all 
operating room personnel is recom-
mended. Charnley,36 Bechtol,34 Lein-
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bach,37 and Goodrich3- use hoods with 
plastic eye shields or helmets com-
bined with a suction apparatus which 
draws through apertures at the side of 
the nose and mouth. 

Our experience 

A. General comments. At St. Luke's 
Hospital in Denver, our surgical team 
utilizes two horizontal (low clean 
rooms. T h e first is the Enviromatic 
model manufactured by the Envirco 
Corporation and it became functional 
on March 15, 1971. Its features have 
been described earlier in this sympo-
sium. T h e second module was con-
structed by the Martin-Marietta Com-
pany under contract to NASA. It was 
designed to meet the following cri-
teria: (1) quick installation, (2) mini-
mal operating room modification, (3) 
minimal maintenance, (4) portability 

and easy storage, (5) use of existing 
operating room lights, (6) use of exist-
ing air conditioning, (7) use of existing 
power supplies, (8) use of recirculated 
air, (9) minimal interference with 
operating room procedure, (10) re-
duced cost, and (11) self-contained suc-
tion and communications. T h e evalua-
tion of this system has been published 
in a report to NASA.38 

Both units have a 10-foot by 10-foot 
work area with a full wall plenum. 
Walls are transparent and retractable. 
Figures 1 and 2 show the Envirco 
Room and Figures 3 and 4 show the 
Martin-Marietta Room in both col-
lapsed and functional positions. 

T o complement the Martin-Mari-
etta Room, a bubble type "space" hel-
met with stabilizing yoke harness was 
designed. Ventilation is accomplished 
through a 1-inch hole in the top of the 

Fig. I. Enviromatic Horizontal Flow Clean Room at St. Luke's Hospital. Plenum at tear and 
blowers at sides. 
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Fig. 2. Tota l hip arthroplasty in progress in the Enviroraatic Clean Room. Note use of standard 
hoods, masks, and gowns. 

Fig. 3. Martin Clean Room in collapsed configuration. 



Fig. 4. Martin Clean Room in expanded configuration. Note helmets stored on far wall and 
back table with two tiers. 
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Fig. 5. Helmet and yoke before gowning. 

helmet and a suction outlet for um-
bilical attachment on the back of the 
yoke. Communication requires use of 
an intercom system. The Johnson and 
Johnson Company fabricated paper 
gowns for use with the helmets. The 
paper-resin used in these gowns mark-
edly reduces fluid and bacterial pene-
tration of this material. Figures 5 and 
6 show the helmet and harness and 
several operators using the system in 
the clean room. 

B. Technical evaluation. 1. Mainte-
nance. There have been no serious 
mechanical breakdowns. Prefilters are 
changed once monthly and the HEPA 
filters are tested semiannually for leaks 
and efficiency. There is minimal ac-
cumulation of dust on environmental 
surfaces. 

2. Utilization. The systems are acti-
vated prior to opening sterile packs. 
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Fig. 6. Total hip arthroplasty in progress in Martin Room. All personnel are wearing helmets 
and paper gowns. 

The sliding doors permit easy en-
trance and exit for patients. After in-
duction of anesthesia, prepping and 
draping, the patient is moved to 
within about 3 feet of the plenum. 
Care is taken to allow no obstructions 
between the plenum and the table, ft 
has been necessary to construct a dou-
ble-tiered back table which, along with 
a Mayo stand and two wash basins, 
comprise our operating room furni-
ture. Additional wall shelving for the 
cardioscope and emergency drugs have 
reduced space requirements. Biplane 
x-ray films during hip fracture nailing 
are possible by placing the table ob-
liquely in the room. The 3-inch space 
between the bottom edge of the wall 
and the floor allows passage of tubes, 
cords, and wires. The 4-foot leeway 
between the enclosure walls and oper-
ating room walls is adequate for ob-

servation, personnel movement, and 
equipment storage. Our anesthesiolo-
gists are moderately cramped until the 
patient is moved deeper into the en-
closure. 

3. Noise. Noise levels range between 
65 and 71 decibels. Communication in 
a conversational tone is possible ex-
cept when helmets are used. 

4. Temperature. Air conditioning is 
inadequate and temperatures rise to 
80 F or more on warm days when the 
units are used for several hours. There-
fore, additional air conditioning has 
been added. 

5. Humidity. There is no specific 
control and it varies from 35% to 
46%. 

6. Turbulence. Our observations 
with a smoke gun indicate that floor 
level particles do not rise more than 
15 inches. 
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7. Wound drying. This occurs sig-
nificantly more rapidly in the clean 
room and wounds should be protected 
with frequent irrigations or moist 
packs. 

8. Helmet-paper gown system. The 
helmets are made of plexiglass. They 
scratch rather easily, break at the top 
where they are quite thin, and there is 
a mild visual distortion around the 
inferior rim where they are thicker. 
There is moderate noise inside but 
communications are relatively good. 
The helmet-yoke assembly is comfort-
able and weighs about 2 pounds. How-
ever, after several hours of use, fatigue 
is noted, particularly by the nurses. 
There has been no difficulty with heat 
buildup or fogging, provided that the 
suction air flow is sufficient. 

The gowns have been satisfactory 
and we have seen no gross leakage of 
fluid through the material. They come 
in only one size (large) and therefore 
are somewhat cumbersome for smaller 
personnel. 

We believe that this system provides 
the optimum protection against shed-
ding. However, it is experimental and 

cannot be recommended for general 
use at this time. 

C. Studies. 1. Wound contamina-
tion. Swab cultures of the subcutane-
ous tissues and deep tissues have been 
taken for the past 2 years from clean 
surgical wounds. These cultures are 
obtained shortly after making the in-
cision, usually within 20 minutes. 
They are then sent to the bacteriology 
laboratory where they are plated on 
blood agar and inoculated into thio-
glycolate broth. Cultures are read at 
48 to 72 hours. Additional deep cul-
tures or tissue cultures have also been 
obtained on occasion. Table 2 sum-
marizes the results of these studies in 
a regular operating room, in the clean 
room alone, and in the clean room 
with personnel wearing helmets and 
paper gowns. 

Since the overall series represents a 
heterogeneous series of orthopaedic 
cases, the same type of analysis was 
applied to our series of total hip ar-
throplasties and total knee replace-
ments. Table 3 summarizes these re-
sults. 

The types of bacteria cultured and 

Table 2. Wound contamination rates—overall 

Positive 
Culture No. cases No. cultures cultures Rate (%) 

Horizontal flow plus Superficial 107 107 1 .43 
helmets and gowns Deep 120 120 4 3 . 3 3 

Other 18 21 2 9 . 5 2 
Overall 122 248 7 2 . 8 2 

Horizontal flow Superficial 
Deep 
Other 
Overall 

344 
551 

27 
590 

344 
556 

29 
929 

16 
32 

1 
49 

4 . 6 5 
5 . 7 6 
3 . 4 5 
5 .27 

Regular O R Superficial 
Deep 
Other 
Overall 

56 
107 

14 
108 

56 
107 

14 
177 

10 
25 

4 
39 

17.86 
23 .86 
28 .57 
22 .03 
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Table 3. Wound contamination rates—total hip arthroplasty and total 
knee replacement 

Positive 
Culture No. cases No. cultures cultures Rate (%) 

Horizontal flow plus Superficial 98 
helmets and gowns Deep 99 

Other 9 
Overall 99 

Horizontal flow Superficial 121 
Deep 123 
Other 11 
Overall 123 

Regular O R Superficial 38 
Deep 43 
Other 10 
Overall 43 

Table 4. Types of bacteria cultured 
from clean surgical wounds and their 

relative frequencies 

Regular 
OR 

Clean 
room 

Staphylococcus epider- 7 2 . 5 % 5 7 . 1 % 
midis 

Diphtheroid species 7 . 5 % 1 9 . 0 % 
Bacillus subtilis 7 . 5 % 0 
Nonhemolytic strep- 0 1 6 . 7 % 

tococcus 
Anaerobic strepto- 2 . 5 % 0 

coccus 
Micrococcus species 2 . 5 % 0 
Enterococcus species 2 . 5 % 0 
Enterobacter hajnia 0 2 . 4 % 
Herellea vaginicola 2 . 5 % 0 
Clostridium perfringens 2 . 5 % 0 
Escherichia coli 0 2 . 4 % 
Moraxella species 0 2 . 4 % 

their relative frequencies are shown in 
Table 4. It appears that the great ma-
jority of these organisms were derived 
from the air and that the clean room 
reduced the rate of wound contamina-
tion by a factor of four. This rate is 
further reduced slightly by the use of 
helmets and paper gowns. 

98 2 2 . 0 4 
99 2 2 . 0 2 

9 1 11.11 
208 5 2 . 4 3 

121 4 3.31 
123 6 4 . 8 8 

11 0 .00 
255 10 3 .92 

38 6 15.79 
43 12 27.91 
10 3 30 .00 
91 21 2 3 . 0 8 

Table 5. Gelman air sampler studies 

Regular 
OR 

Clean room 
at wound 

No. cu ft sampled 678 204 

Average colonies per 3 . 9 0 . 1 
cu ft 

2. Airborne bacteria sampling. Our 
initial studies were done with a Gel-
man air sampler and results are tabu-
lated in Table 5. 

During the past 4 months, a team 
from Jet Propulsion Laboratories has 
been extensively studying the bacte-
riology and particle physics in our 
Martin Room under operating condi-
tions. Airborne bacterial sampling has 
been done using both Reynier and 
Sartorius membrane samplers. All sam-
pling was done just down stream of 
the wound. The results reported in 
Tables 6 and 7 are preliminary find-
ings and a much more detailed analy-
sis of the Jet Propulsion Laboratories 
team's data will be forthcoming at a 
later date. 
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Table 6. Clean room airborne bacterial 
sampling at wound—Reynier 

Operation Colonies 
Signifi-
cance 

1 2 1 2 No 

A B 3 . 5 5 b 4 . 1 2 
(27)» (16) ( .10)» ( . 1 2 ) 

C D 2 . 0 5 8 . 4 7 Yes ( . 0 5 ) 
(6) (12) ( . 0 6 ) ( . 2 4 ) 

A & C B & D 3 . 2 8 5 . 9 8 Yes ( .05 ) 
(33) (28) ( .09 ) ( . 17 ) 

A & C E 3 . 2 8 7 .09 Yes ( .05 ) 
(33) (41) ( . 0 9 ) ( . 2 0 ) 

A = total hip arthroplasty, experimental 
system; B = total hip arthroplasty, regular 
garments; C = total knee arthroplasty, ex-
perimental system; D = total knee arthro-
plasty, regular garments; E = varied, regu-
lar garments. 
a = number of procedures; b = colonies/cu 
m ; 0 = colonies/cu ft. 

Table 7. Clean room airborne bacterial 
sampling at wound—Sartorius 

Signifi-
Operation Colonies cance 

1 2 1 2 Yes ( . 0 5 ) 

A B 5 .97 b 4 3 . 4 0 
(15)» (12) (.17)« (1 .23 ) 

A & C B & D 8 . 9 2 40 .11 Yes ( .05 ) 
(20) (14) ( .25 ) (1 .14) 

A & C E 8 . 9 2 2 7 . 8 6 Yes ( . 0 5 ) 
(20) (25) ( .25 ) (•79) 

A = total hip arthroplasty, experimental 
system; B = total hip arthroplasty, regular 
garments; C = total knee arthroplasty, 
experimental system; D = total knee arth-
roplasty, regular garments; E = varied, regu-
lar garments. 
a = number of procedures; b = colonies/cu 
m ; 0 = colonies/cu ft. 

Several conclusions may be drawn 
from these data. There is a marked 
reduction in airborne bacterial con-
centrations in the clean room com-
pared to the regular operating room. 
The use of the helmet-paper gown 
system further reduces these counts. 
The Sartorius sampler is more effi-
cient than the Reynier sampler. 

5. Infections. We are currently in-
volved in an extensive review of our 
infection rate for the past 4 years. We 
cannot make any definitive statements 
with regard to the effect of the clean 
room on our infection rate at this 
time. However, our preliminary data 
are summarized in Table 8. 

Five of the seven regular operating 
room infections became apparent more 
than 1 month following surgery. Two 
cases in the regular operating room 
group and two in the clean room 
group appeared early and were caused 
by S. aureus. The remaining early ap-
pearance case was caused by Esche-
richia coli in a draining hematoma. 
The late cases were due to anaerobic 
micrococcus (S). Enterobacter, and 
mixed gram-negatives. 

Summary 

We have attempted to review the 
history of operating room clean rooms 
and to document our experience re-
sulting from the use of two horizontal 
flow clean rooms. Wound contamina-

Table 8. Deep infection rate—total hip 
arthroplasty Nov 1969 to Sept 1972 

Regular Clean 
OR room 

No. operations 134 270 
No. deep infections 7 3 

% 5 . 2 1.1 
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tion rates, airborne bacterial sampling, 
and preliminary infection rates for 
both regular operating rooms and 
clean rooms have been presented. In 
addition, we have presented our ini-
tial experiences with a "space" helmet-
paper gown system designed to further 
reduce operating room personnel shed. 
It is our opinion, based on this evalu-
ation, that the clean room significantly 
reduces airborne bacteria and wound 
contamination rates. Addition of the 
helmets and paper gowns further re-
duces these parameters. We cannot 
make a definitive statement regarding 
infection rates at this time. 
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