
QC and QA in the ART laboratory 
 

30 

Quality management issues in the assisted reproduction 
laboratory 

 
William R. Boone, PhD1, H. Lee Higdon III2, PhD, Jane E. Johnson, MS3. 
 
1-3Greenville Hospital System University Medical Center, Greenville, South Carolina 
Department of Obstetrics and Gynecology 
 
Abstract In the United States, the Clinical Laboratory Improvement Act (CLIA) of 1988 
describes requirements and guidelines for implementing a quality control/quality assurance 
(QC/QA) program for moderate and high complexity laboratories. These requirements and 
guidelines apply to Assisted Reproductive Technology (ART) laboratories as well. The 
general topic of QC and QA as it pertains to in vitro fertilization (IVF) and embryo transfer 
(ET) is extensively reviewed. This review summarizes many of the QC and QA events that 
contribute to the advancement of knowledge in this biotechnological field. These events 
include control of the culture environment inside and outside of the incubator, as well as 
factors that affect culture media. This review also discusses, in considerable detail, the QC 
and the QA that pertain to equipment used within the laboratory and how to control for 
potential contaminants, which reside within the laboratory. This review provides evidence to 
indicate the need for laboratory personnel to monitor quality improvement issues on a 
continuous basis. Personnel must be willing to change as improvements in technology occur 
in order to meet the ever-evolving demands of a more difficult patient population.  
Suggestions for meeting these demands are offered. 
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I. Introduction 
In the United States, the Clinical 
Laboratory Improvement Act (CLIA) of 
1988 describes requirements and 
guidelines for implementing a quality 
control/quality assurance program for 
moderate and high complexity 
laboratories. These requirements and 
guidelines apply to Assisted Reproductive 
Technology (ART) laboratories as well as 
nonreproductive laboratories. While every 
ART program has similar quality control 
(QC) and quality assurance (QA) 
requirements, each laboratory must adapt 
the CLIA guidelines to best suit its needs. 
Here we review general the topic of QC 
and QA as it pertains to in vitro fertilization 
(IVF) and embryo transfer (ET). 
 
 
Attempts at IVF of mammalian oocytes 
began more than a century ago. (Schenk, 
1880; Heape, 1890). Numerous 

experiments have been conducted with 
the use of various media and devices in  
attempts to culture embryos in vitro. Early 
research was mainly performed with the 
use of laboratory animals (mice and 
rabbits), but in the late 1960s and early 
1970s, scientists applied techniques 
learned from laboratory animals to 
economically important livestock.   
 
Progress in the field of IVF/ET has 
expanded greatly in the last few decades 
because of better techniques and 
equipment. With the advent of human 
IVF/ET came more progress; now it is 
possible to screen and select embryos for 
transfer that are devoid of debilitating 
genetic diseases. All of these 
advancements, from the early culture of 
embryos from laboratory animals to the 
transfer of genetically-screened human 
embryos, require QC and QA within the 
laboratory in order to produce a 
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repeatable process. If progress is to 
continue, total quality improvement (TQI) 
must be stressed. 
 
We will attempt to summarize many of the 
QC and QA events that added to the 
knowledge in this biotechnological field. 
These events include control of the culture 
environment inside and outside of the 
incubator, as well as those items that 
affect culture media. Furthermore, we will 
discuss the QC and the QA that pertain to 
equipment used within the laboratory and 
how to control for potential contaminants, 
which reside within the laboratory. In the 
end, we summarize these events and the 
potential for future progress in the field of 
ART.  
 
II. Quality control, quality 
assurance, quality improvement 
Quality control (QC) is defined as activities 
performed to ensure specific procedures 
or pieces of equipment operate 
appropriately. Quality control activities run 
concurrently with laboratory activities. To 
record the temperature of a specific piece 
of equipment is an example of a QC 
activity. Quality control is designed to 
check that a piece of equipment will 
produce the same result every time. As for 
quality assurance (QA), it is considered to 
be the comprehensive method to monitor 
and to evaluate the entire process that 
goes on within the laboratory. While QA 
activities may run concurrently with 
laboratory procedures, they normally are 
reviewed retrospectively.  Quality 
assurance items would include such items 
as QC activities; an up-to-date, 
comprehensive laboratory manual; a 
continuing-education program for all 
laboratory personnel; a proficiency-testing 
program; and a safety program. Thus, QA 
is the overall surveillance of all things 
related to quality and includes monitoring 
of outcomes, accuracy of reports, and 
patient satisfaction (Mayer et al., 2003). 
 
It is important to note that a good QC/QA 
program includes a review of the accuracy 
and precision of procedures undertaken 
within the laboratory.  It is beyond the 
scope of this manuscript to go into detail 
about how to determine accuracy and 
precision of procedures; suffice it to say 

regular reviews (e.g., monthly) should be 
established to assess current records as 
they relate to previous performance. In 
today’s world of computers, reports such 
as laboratory performance summaries 
(e.g., average weekly fertilization, 
cleavage and fragmentation rates), clinical 
outcome summaries, quarterly reports on 
incubator and media performance, ICSI 
injection times, average cell numbers and 
embryo quality scores should be reviewed 
(Jackson and Clarke, 1996). It is during 
these reviews that such items as Levey-
Jennings charts, which portray the current 
history of a piece of equipment or 
procedure, should be reviewed. Any value 
found to be outside of acceptable limits, 
should be discussed and corrective 
actions should be taken.   
 
One could add a partner to QC and QA – 
quality improvement (QI). Quality 
improvement is a method to enhance all 
phases of laboratory performance and 
thus, is different from QA because QA is 
designed to find problems/errors and 
correct them. Quality improvement 
includes those procedures that are 
incorporated into the laboratory in an effort 
to improve a specific aspect of the 
laboratory. Ideas for these improvements 
come from literature read by laboratory 
personnel or from lectures or 
conversations heard by these individuals. 
An example of QI would be to adapt new 
technology to evaluate zygotes in an effort 
to improve the criteria used to select 
embryos for transfer (Mayer et al., 2003). 
 
Total quality management (TQM) is the 
combination of all three of these topics 
(TQM = QC + QA + QI). Total quality 
management is a more global view than 
QC, QA, or QI. Total quality management 
has as its goal to provide an optimal 
product (e.g., embryos) as efficiently as 
possible.  
 
In summary, we will review the general 
topic of QC and QA as it pertains to 
assisted reproductive technology (ART). 
More specifically, methods to monitor 
equipment, culture media and contact 
materials are discussed as they pertain to 
QC and QA. We hope that, through this 
review, readers will not only obtain a 
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historical perspective of each topic, but will 
also be able to use this information to 
develop quality improvement programs 
that will advance his/her ART program.  
 
III. Laboratory environment 
While this section of the manuscript 
describes some aspects of equipment in 
general, a few specific pieces of 
equipment will be discussed in greater 
detail. However, before this occurs, some 
general safety guidelines need to be 
reviewed. 
 
Laboratory personnel should inspect their 
equipment to make sure that it is in good 
working condition. If items like frayed 
electrical wires are discovered, a 
professional from a certified company or 
biomedical department should be elicited 
to correct the problem immediately. 
Instruments used to determine 
temperature, gas concentration, relative 
humidity etc., should be recalibrated at 
least annually. Upkeep of the instruments 
should coincide with the manufacturer’s 
suggested maintenance guidelines as well 
as institutional policies.  
 
A. Air quality 
There are many anecdotal stories from 
laboratory personnel that tell of reduced 
embryo quality and pregnancy rates 
during construction or remodeling of 
laboratories.  Stories even are told about 
improved embryo quality when chemicals 
stored in the laboratory were removed. 
However, it has only been since the 
middle 1990s that scientists reported 
correlations between toxicants (e.g., 
bacteria, dust, particulate matter and 
volatile organic compounds [VOCs]) and 
fertilization and embryo development. 
 
In 1994, we witnessed a decrease in 
pregnancy rates in our human ART 
program when the hospital started a 
construction project juxtaposed to our 
embryology laboratory. There were 
detectable odors from paint, sealants and 
floor glue; there was dust and other 
particulate matter from drywall 
construction. There even were diesel 
fumes from ambulances that arrived at the 
emergency room that had been relocated 
and was now near our air-intake facility.  

Because we provided evidence that VOCs 
could reduce embryo development 
(Johnson et al., 1993), the hospital 
administration authorized construction of a 
cleanroom that was completed in 1995 
and was separate from the main hospital 
air-handling unit (Boone et al., 1999; 
Boone et al., 2007). Within two years, 
there was a trend towards significance in 
fertilization rates (from 60.2% to 69.2%) 
and a significant increase in pregnancy 
rates from 20% to 59%. The 0.3 µm 
particle counts averaged < 0.5 counts/ft3 in 
the cleanroom, whereas in the juxtaposed 
operating room the particle counts 
averaged > 455,000 counts/ft3. (More 
recently, we have added ULPA filters to 
the operating room air-handling system 
and have created 0.3 um particle rates 
that averaged 12.7 counts/ft3.)  
 
While the particle count and pregnancy 
rate data cannot be directly correlated, 
pregnancy rates continued to increase as 
the “newness” of the laboratory wore off 
with each cleaning. By the third year of 
operation, we surpassed our 
preconstruction pregnancy rate. It is 
believed that it takes time for new facilities 
to “cure”, which includes a decrease in 
VOCs. This belief is somewhat justified by 
the fact that the top four diagnostic 
reasons patients underwent ART 
procedures (tubal disease, endometriosis, 
male factor and ovulatory dysfunction) did 
not change in our program, while cell 
stage and embryo quality improved and 
the number of embryos transferred 
declined. Cohen and colleagues reported 
a somewhat similar finding in that new 
incubators produced more VOCs than did 
older incubators (Cohen et al., 1998). Von 
Wyl and Bersinger also reported a 
decrease in VOCs after six months in a 
new facility (von Wyl and Bersinger, 
2004). 
 
 
While particle counts are one way to 
monitor air quality, they may not correlate 
to VOC values. This was the case for 
Worrilow and associates, who monitored 
particle counts as well as VOCs and found 
that while particle counts in a Class 100 
cleanroom (ISO 5) remained negligible 
and within guidelines, toluene levels rose 
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and corresponded to a decline in 
implantation rate (Worrilow et al., 2001).  
 
While cleanrooms such as Lehigh Valley 
Hospital – Muhlenberg, Pennsylvania 
(Worrilow et al., 2001) and ours may not 
be necessary in order to culture high 
quality mammalian embryos, embryo 
development appears to improve when the 
only difference is a cleanroom 
environment. We obtained 274 two-cell 
embryos from six hyperstimulated mice in 
four replications. We divided them into two 
arms; half of the allotted embryos went to 
the ART cleanroom laboratory and the 
other half went to the noncleanroom, 
andrology laboratory.  Embryos were 
placed in similar Forma incubators with 
like internal environments (5% CO2 and 
air, 36.7oC, and a relative humidity > 
90%).  Results of this experiment 
demonstrated that the cleanroom 
laboratory developed two-cell mouse 
embryos to the blastocyst stage at a 
significantly higher rate (P = 0.01; 99% 
[136/137] versus 93% [127/137]) than did 
the noncleanroom andrology laboratory.  
This study implies that improved air quality 
can promote embryo development (Kao et 
al., 2009).   
 
 
Even cleanrooms, however, can harbor 
VOCs. In December 2001, and again in 
February 2002, we evaluated air quality in 
our incubators, cleanroom and operating 
room. During these evaluations, we found 
aromatic hydrocarbons (benzene, toluene, 
and xylene), which are used as a solvent 
in dyes, paint thinners and printing 
solutions and a halocarbon (isoflurane), 
which is used in anesthesia. We had the 
laboratory rebuilt in February through June 
2009 and had the air quality evaluated in 
June and again in July of the same year. 
The June evaluation revealed 31 various 
VOCs, which included the hydrocarbons 
mentioned above as well as alcohols 
(ethanol, propanol, phenol) used in 
cleaning products.  In addition, there were 
alkanes (propane, hexane) that can be 
found in oxyacetylene-gas torches and 
glues and aldehydes (nonanal, decanal) 
that are found in perfumes and flavorings. 
Seventeen days later the number of 
different VOCs was reduced to 21.  

We are not the only individuals that have 
discovered VOCs in their facility. Other 
scientists reported finding similar VOCs as 
to those stated above (Cohen et al., 1997; 
Geisthovel et al., 2001). Furthermore, 
benzene has been found in CO2 gas 
cylinders (Merton et al., 2007), while ethyl-
benzene and benzaldehyde were emitted 
from plasticware (Cohen et al., 1997). 
Deleterious levels of toluene were 
discovered in an ART cleanroom 
(Worrilow et al., 2001). In addition, 
formaldehyde from insulation used in air 
handling systems (Richardson et al., 
1996) as well as paint fumes (Richardson 
et al., 1997) led to embryo mortality. 
Cohen and coworkers found refrigerant 
gases, isopropyl alcohol fumes, various 
aliphatic hydrocarbons and select 
aromatic compounds in the laboratory 
(Cohen et al., 1997). 
  
There are other VOC producers that often 
appear in the laboratory. “Counter top” 
cleaning agents that are supposed to help 
curb contaminants produce VOCs (von 
Wyl et al., 2004). Whether these cleaners 
are fungicidal or bactericidal, they 
generally contain VOCs that are 
embryocidal. Writing instruments, such as 
red felt-tip pens, produce VOCs (Gong 
and Dubin, 1998). (As an aside, black felt-
tip pens do not appear to be detrimental to 
embryonic development [Jackson and 
Kiessling, 1989; Gong and Dubin, 1998], 
but the reason for this has not been 
isolated.) We have demonstrated 
deleterious effects of perfumes, colognes 
and aftershave lotions on mammalian 
embryo development (Johnson et al., 
1993). Even a commonly used sterilizing 
agent, ethylene oxide, can inhibit gamete 
and embryo cleavage (Schiewe et al., 
1985; Holyoak et al., 1996).  
 
How can we protect in vitro culture cells 
from VOCs? Because VOCs are oil 
soluble, laboratory personnel can prevent 
many of these contaminants from coming 
in contact with susceptible gametes and 
embryos by adding oil overlay to culture 
media. In this case, oil acts as a sink for 
such VOCs (Balaban and Urman, 2003; 
Gilligan and Alouf, 2006). Because 
scientists have found so many VOCs in 
their laboratory, it is not surprising that 
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researchers reported that outside air 
carried fewer contaminants than did 
laboratory air (Cohen et al., 1997; Hall et 
al., 1998). 
    
This is not to imply that outside air is 
always better than air within a laboratory. 
Atmospheric compounds can inhibit 
spermatozoa development and function. 
Litchtenfels and coworkers in São Paulo, 
Brazil demonstrated that an increase in 
inhalable particles significantly reduced 
males born to humans and mice. The 
male mice had less sperm, fewer total 
numbers of germ cells and fewer sperm in 
the caudal epididymus than control mice 
that were exposed to filtered air 
(Lichtenfels et al., 2007). Within a two-
year period, Slott and associates analyzed 
325 semen specimens and found that 
sperm morphology and percent motility 
were reduced if men were exposed to a 
heavily industrialized district that 
contained sulfur dioxide as opposed to an 
agricultural district with low sulfur dioxide 
content (Slott et al., 1995). Likewise, 
Fowler and coworkers reported that an 
increase in ozone levels 10 to 14 days 
before semen collection significantly 
altered sperm motility (Fowler et al., 
2002). De Rosa and associates in Italy 
discovered that increases in nitrogen 
oxide and lead from automobile emissions 
were correlated to decreased sperm 
parameters from highway tollgate workers 
(De Rosa et al., 2003a). Rubes and 
coworkers also demonstrated reduced 
sperm quality when patients were exposed 
to increased air pollution. In this study, 
abnormal chromatin structure increased 
with exposure (Rubes et al., 2002). Mehta 
and associates and De Rosa and 
coworkers provide the reader with mini-
reviews of potential hazards of exposure 
to air pollutants found in larger cities (De 
Rosa et al., 2003b; Mehta and Anand 
Kumar 2003). 
 
Other researchers have found aerial 
contaminants to alter oocytes, embryos 
and fetal development. The endocrine 
disrupter, polychlorinated biphenyls 
(PCBs) that can be found in air and water, 
can significantly decrease cortical granule 
migration in cattle oocytes and cortical 
granule exocytosis in cattle zygotes 

(Pocar et al., 2000). These same 
chemicals can alter fertilization and 
embryonic development in cattle (Pocar et 
al., 1999). Bernard and associates 
discovered that ammonia build-up in 
mouse cages significantly reduced the 
number of two-cell mouse embryos 
recovered after superovulation and 
breeding (Bernard et al., 2000). Cohen 
and coworkers demonstrated that cell 
division in mouse embryos is hampered by 
poor quality air.  They also demonstrated 
that VOCs decreased pregnancy rates 
and implantation rates in a human ART 
program (Cohen et al., 1997). Mohallem 
and coworkers found that mice exposed to 
air pollution in São Paulo, Brazil, produced 
more implantation failures and fewer mice 
than those mice exposed to filtered air 
(Mohallem et al., 2005). Other studies in 
São Paulo, Brazil, indicate that air 
pollution increases intrauterine mortality 
among human non-ART fetuses as well 
(Pereira et al., 1998). Data also indicate a 
reduced fetal size caused by carbon 
monoxide (Gouveia et al., 2004) and sulfur 
dioxide (Rogers et al., 2000) as well as 
neonatal deaths (Lin et al., 2004) in cities 
where there is elevated air pollution. 
Scientists from São Paulo also 
demonstrated that exposure of pregnant 
mice to poor quality ambient air reduced 
fetal weight as well as placental weight. 
Their data would also indicate that 
reduced fetal weight is caused by 
exposure during early gestation (Rocha e 
Silva et al., 2008). While all of these 
reports point to ambient air quality as the 
source of the poor reproductive outcome, 
Maisonet and coworkers point out in their 
literature review on air pollution and fetal 
growth that, while the evidence was 
positive, the odds ratios on such items as 
preterm labor and birth weight are small 
and individuals are most likely exposed to 
more than one contaminant (Maisonet et 
al., 2004).   
 
Filters designed to reduce pollutants have 
been used to improve pregnancy rates in 
ART facilities. Mayer reported that such 
filters increased pregnancy rate from 30% 
to 52% in the ART facility in which he 
worked (Mayer et al., 1999b). In contrast, 
in a large study of in vitro produced cattle 
embryos, it was demonstrated that filters 
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added to incubators did not improve the 
percent of blastocysts produced or the 
stage or grade of embryos. However, 
pregnancy rate was improved (P = .043) 
for fresh and frozen embryos (Merton et 
al., 2007). Unfortunately, even when filters 
are added there are no guarantees that 
the air will be sufficiently cleaned to 
prevent gamete or embryo toxicity. There 
are some data to indicate that incubators 
that contain filters still can harbor VOCs 
(Geisthovel et al., 2001) and cleanrooms 
can still contain VOCs that reduce 
pregnancy rates (Worrilow et al., 2001). 
 
While information cited above would 
indicate that there may be pollutants in air 
that alter gamete and embryo quality and 
can alter pregnancy outcome, there are 
few studies that can pin-point specific 
toxins. Until we have these studies, the 
best tactic may be a broad-spectrum 
approach to clean laboratory air with 
HEPA or ULPA filters along with 
membranes made of charcoal and 
potassium permanganate. (While HEPA 
and ULPA filters can trap particulates, 
fungi, mold spores and bacteria, charcoal 
filters collect VOCs such as benzene, 
formaldehyde, acetaldehyde and 
acetonitrile.  Furthermore, potassium 
permanganate filters oxidize and thus 
detoxify some compounds such as 
alcohols and ketones that are not easily 
trapped by carbon (Gilligan and Alouf, 
2006).  
 
 
It should be noted that not every ART 
program needs to install an air-filtration 
system in their laboratory. McLellan and 
associates performed a randomized, 
prospective trial and demonstrated that 
oocytes/embryos that were exposed to 
normal room air and those exposed to 
filtered, incubator air did not differ 
(McLellan et al., 2001). Battaglia and 
coworkers also performed a prospective, 
randomized trial and found similar results 
(Battaglia et al., 2001). Lack of 
improvement with filtered air in these 
studies may indicate that not all 
laboratories need filtered air and that 
ambient air used within the laboratory may 
be sufficient.  
 

Regardless of need or lack of need for 
improved air filtration, laboratory 
personnel in ART facilities recognize the 
need for high quality air. Thus, many of 
the ART facilities built in recent years have 
been equipped with air filtration systems 
that include positive pressure and 
protection against VOCs. With such 
filtration, these facilities have higher 
quality air than do most operating rooms 
(Mortimer, 2005). 
 
In summary, air quality has been and will 
always be a critical factor to address in the 
IVF laboratory.  Developing a systematic 
process to control air quality will eliminate 
one of the major factors that affect IVF 
outcomes.  Air filtration systems, particle 
counting, VOC testing and pressure 
monitoring are a few of the ways in which 
one can control for this variable.     
 
B. Temperature 
In vivo 
Low temperature:   While temperatures 
above basal body temperature harm 
embryos, temperatures a few degrees 
below basal body temperature, for the 
most part, slow the metabolism of the 
embryo, provided it did not undergo 
temperature shock (Altman and Dittmer, 
1961; Lavy et al., 1988).  This survivability 
at decreased temperatures is often utilized 
to transport embryos for future transfer 
(Table 1).  
 
 
Data in Table 1 do not depict, however, 
the fact that results vary for these 
temperatures. For example, while cattle 
blastocysts will survive at 4oC, viability 
declines to only 40% by day 5 (Lindner et 
al., 1983). A similar decline appears 
among the rabbit after 7 days at 4oC 
(Hughes and Anderson, 1982). Herr and 
Wright demonstrated that survival of one- 
to four-cell mouse embryos exposed to 
low temperature storage was enhanced 
when they added bicarbonate to the 
culture medium. This improvement may be 
related to the energy produced as 
carbohydrates pass through the citric acid 
cycle (Herr and Wright, 1988b).  Table 1 
also does not depict the fact that cattle 
morula  and blastocysts will survive at 4oC  
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but earlier cell stages will not (Lindner et 
al., 1983).  
 
 
High temperature.   In contrast to low 
temperature survivability, gametes and 
embryos are less tolerant of high 
temperatures. Dairy cattle exposed to 
hyperthermic conditions (16 hours at 30oC 
and 8 hours at 42oC [rectal temperature 
rose from basal body temperature of 
38.1oC to 41.1oC]) for 7 days after 
breeding, produced only 20.7% normal 
embryos compared to 51.5% normal 
embryos for dairy cattle exposed to a 
neutral temperature (20oC) (Putney et al., 
1988). Zakari and associates performed a 
similar experiment with Zebu cattle and 
also found that elevated temperatures 
reduced pregnancy rates (Zakari et al.,  

 
 
 
 
 
1981). A similar finding was reported for 
mice. When ambient temperature for male  
mice was increased, they bred fewer 
females and fewer females became 
pregnant after service. When ambient 
temperature for female mice was 
increased, fewer females completed 
gestation (Pennycuik, 1967; Elliott and 
Ulberg, 1971). This increase in embryo 
mortality appears to be caused, at least in 
part, by reduced corpora lutea and 
implantation sites as well as a 
reducednumber of recoverable embryos in  
the mouse (Elliott and Ulberg, 1971). 
Others agree  that  embryo  mortality  is 
increased with more than a modest 
increase in body temperature (sheep – 
Ulberg, 1958; rabbit – Alliston et al., 1965; 
mouse – Alliston and Ulberg, 1961; Ulberg 
and Burfening, 1967; Elliott and Ulberg, 
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1971; cattle – Ulberg and Burfening, 
1967). In addition, there are data that 
suggest that elevated temperatures are 
responsible for the death of mouse pups 
within 36 hours of parturition (Pennycuik, 
1967). Scientists demonstrated that cell 
proliferation and cleavage were 
temperature dependent (Burfening et al., 
1969; Rivera et al., 2003). 
 
 
In vitro 
Low temperature.  In Madison, Wisconsin, 
when sperm specimens were either 
incubated over night in an open Falcon 
2003 tube at 37oC and 5% CO2 in air or in 
a closed Falcon 2003 tube at 23oC, it was 
discovered that sperm held at 23oC had 
more motility, linearity and velocity than 
did sperm held at 37oC (Boone and 
Shapiro, 1990).  This study was repeated 
in the laboratory in Greenville, South 
Carolina and yielded the same results 
(data not shown). This begs the question 
“Is there a better temperature than 37oC at 
which to incubate gametes and embryos?”  
McKiernan and Bavister demonstrated 
that while two-cell golden hamster 
embryos divided at low temperatures 
(34.5oC), they did not reach blastocyst 
stage until the temperature was raised to 
approximately 36.0oC. When they looked 
at various temperatures (34.5oC, 36.0oC, 
37.5oC, and 39.0oC), they discovered that 
most blastocysts were produced at a 
temperature of 37.5  oC (McKiernan and 
Bavister, 1990). 
 
Decline of embryo viability or the increase 
in detrimental effects may be related to 
length of exposure time at a reduced 
temperature. While most scientists cited in 
this section exposed embryos to extended 
periods of reduced temperatures, there is 
some indication that short periods of time 
are not detrimental. Jackson and Kiessling 
demonstrated that when temperature is 
decreased to 12oC to 15oC for 30 minutes, 
in vitro developmental rates of mouse 
oocytes were not altered (Jackson and 
Kiessling, 1989). Trounson and associates 
demonstrated that storage time of cattle 
embryos at room temperature for periods 
of 1.5 to 2 hours or 6.5 to 7.5 hours had 
little effect on survival of embryos 
(Trounson et al., 1976).  

Some data indicate that when 
temperatures were lowered, organelles in 
oocytes and early stage embryos were 
altered. It is thought that temperature 
fluctuations may disrupt the cytoskeleton 
as well as the spindle integrity, which 
would cause chromosomal anomalies 
(Almeida and Bolton, 1995). Likewise, 
transient cooling to room temperature may 
reduce spindle size and disorganize or 
lose microtubules within the spindle 
apparatus (Pickering et al., 1990). Fischer 
and coworkers demonstrated that 
exposing rabbit embryos to room 
temperature for as little as 1 hour 
dissoluted organelles (Fischer et al., 1988; 
Schumacher and Fischer, 1988). With the 
use of the Polscope to observe the 
spindles, Wang and associates 
demonstrated that if temperatures 
remained at 37o ± 0.1oC while they 
performed intracytoplasmic sperm 
injection, the pregnancy rates were 
significantly higher than if the temperature 
was allowed to drop 3oC (51.7% versus 
25.0%, respectively). They credit this 
increased pregnancy rate to less 
alterations of the spindle fibers (Wang et 
al., 2002). Furthermore, sheep oocytes 
cooled to 20oC for as little as 8 hours 
contain altered chromosomes and 
ultimately produced fewer expanded 
blastocysts (Moor and Crosby, 1985). 
 
Not all data, however, indicate that a 
reduced temperature below that of body 
temperature is detrimental. Shi and 
associates in vitro cultured bovine oocytes 
at 38.5oC for up to 10 hours, then 
decreased the temperature to 37.0oC and 
demonstrated that a slight reduction in 
temperature produced slightly higher 
cleavage and morula and blastocyst 
development (Shi et al., 1998). 
 
High temperature.  In an effort to 
determine optimal incubator settings, 
scientists have varied in vitro 
temperatures. Eng and associates 
determined that pig oocytes had a higher 
number of polar bodies formed when 
exposed to 39oC (normal body 
temperature) as compared to 37oC (Eng et 
al., 1986). Under in vitro conditions, 
meiosis is resumed and completed in 
cattle oocytes at 35oC to 39oC, but not 
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41oC. Furthermore, cattle ova matured at 
a significantly higher rate when cultured at 
body temperature (39oC) than at 35oC, 
37oC, or 41oC (Lenz et al., 1983).   
 
In a study that used cattle oocytes, 
scientists demonstrated heat shock 
(38.5oC [control] versus 41.6oC for 12 
hours [treatment]) reduced oocyte 
competence for fertilization and embryo 
development.  However, if culture medium 
was changed to contain an increase in 
glucose (from 5.6 mM to 20.0 mM) or 
oxygen tension was increased (from 5% to 
21% oxygen) effects of heat shock were 
reduced (de Castro e Paula and Hansen, 
2007). 
 
Researchers have suggested the optimal 
temperature for fertilization is basal body 
temperature (Eng et al., 1986; Zakari, 
1981). Temperature can alter events of 
sperm-oocyte fusion in hamsters (Hirao 
and Yanagimachi, 1978a). Furthermore, in 
cattle, the optimal acrosomal reaction 
occurs at 40oC, but the viability is reduced; 
the maximum cumulus expansion occurs 
between 35oC to 39oC; oocyte maturation 
is inhibited at 41oC; and the most 
fertilization occurs at 39oC, which is the 
basal body temperature of a cow (Lenz et 
al., 1983). 
 
Schumacher and Fischer demonstrated 
that cell stage of mammalian embryos 
plays a role in the ability of the embryo to 
tolerate changes in temperature 
(Schumacher and Fischer, 1988). With the 
use of day 1 versus day 3 rabbit embryos, 
the authors found that earlier cell stage 
embryos tolerated development better 
than day 3 rabbit embryos. Lindner and 
coworkers found the opposite results with 
different cell stages of cattle embryos 
(Lindner et al., 1983).  
 
Ali and associates compared in vitro 
fertilization, embryo development, 
pregnancy rate and abortion rate for 
patients undergoing ART in Qatar, which 
is located on the east coast of the Arabian 
Peninsula. They divided their data into two 
groups, based upon the highest maximum 
temperature for each month (October 
through March the maximum temperature 
was 43.4 oC, 38.0 oC, 32.2 oC, 31.2 oC, 

36.0 oC, and 39.0 oC whereas April 
through September the maximum 
temperature was 46.0 oC, 47.7 oC, 49.0 
oC, 48.2 oC, 48.0 oC, and 45.5 oC). Their 
ICSI fertilization rate was significantly 
lower during the warmer months, but not 
their IVF fertilization rate. In addition, a 
higher percentage of zygotes were 
arrested, a lower blastomere number was 
produced and the average embryo quality 
was lower during the hotter months. While 
the pregnancy rate was similar for both 
groups, the abortion rate was higher 
during the hotter months (Ali et al., 1999). 
 
Management of temperature.                 
We demonstrated that, among a 
population of 209 patients, temperatures 
lower than 37oC (36.96 ± 0.13oC [mean 
±SD]) produced a higher pregnancy rate 
than did temperatures above 37oC (37.03 
± 0.13oC [mean ± SD]) (Higdon et al., 
2008). Two incubators were set at 37oC, 
but fluctuated by ± 0.2oC. The incubator 
with the higher pregnancy rate was < 37oC 
for 47% of the measurements, while the 
incubator with the lower pregnancy rate 
was < 37oC only 20% of the time. Results 
of this experiment led the authors to 
reduce all incubator temperatures to 
36.7oC to prevent an incubator from 
advancing beyond 36.9oC when the 
thermostat was engaged. Personnel in this 
laboratory have since changed the 
settings of warming trays, microscopes 
stages, and heating blocks to prevent 
temperatures from exceeding 37oC.  
 
Like CO2, when incubator doors are 
opened, temperature drops. If doors are 
opened repeatedly, temperature can 
fluctuate dramatically (Abramczuk and 
Lopata, 1986). In their study, higher 
human embryo cleavage rates were 
obtained when temperatures were 
maintained at 36.9oC rather than 36.6oC or 
36.0oC. The authors went on to 
demonstrate a trend towards a direct 
correlation between increased number of 
door openings and elevated β-hCG and 
abortions (Abramczuk and Lopata, 1986). 
 
In contrast to Abramczuk and Lopata, 
Boone and Shapiro found no relationship 
between number of door openings and 
pregnancy rate (Boone and Shapiro, 
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1990).  Results from these two studies 
might differ because of few patients in the 
Boone and Shapiro study (n = 21). In 
addition, differences in heat inertia and 
purging of gases into the chambers of the 
incubators as well as the size of the door 
openings and how long the incubator 
doors remained open could alter the 
performance of the incubators in these 
studies. 
 
It would appear from the literature that the 
temperature tolerance range for embryos 
is very restricted. Therefore, laboratory 
personnel must pay close attention to not 
only the incubator in which embryos 
reside, but also to microscope stages, 
warming trays and ambient air when 
embryos are moved or observed (Gerrity, 
1992). For example, temperatures varied 
significantly for three test tube warming 
devices set to mimic human body 
temperature of 37oC. Depending upon the 
amount of fluid in the test tube, 
temperatures could rise above 38.0 ± 
0.8oC within a matter of minutes. (Yeung 
et al., 2004) Investigators from Seattle, 
Washington, showed that ambient air can 
alter flat surface warming rates (Khabani 
et al., 2003). In addition, Cooke and 
associates demonstrated that the 
temperature on an inverted microscope 
stage warmer dropped 4.8oC in just 2 
minutes. They also were able to show 
that, contrary to popular belief, large 
volumes of culture media (1.0 mL) and a 
small oil overlay had less heat loss than a 
50 µL drop of culture media overlaid with 
1.0 mL of oil. Cooke and coworkers even 
demonstrated that the addition of lids to 
embryo culture dishes prevented heat loss 
(Cooke et al., 2002).  Because 
temperature is so critical, laboratory 
personnel must validate all heating 
equipment that comes in contact with 
embryos to make sure the delivered 
temperature is correct.  This is why all 
heated surfaces must be checked with a 
reference thermometer that is recertified at 
least annually.  
 
Heated microscope stages and 
independent warming devices such as 
slide warmers, have one thing in common.  
The temperature of their surface areas 
differ depending on where the temperature 

is taken. Because surface areas differ, 
what is done in our laboratory is to take 
numerous measurements on a surface, 
find the hottest point and set the 
temperature so that particular location 
never exceeds 37oC. This insures that 
gametes/embryos are never exposed to a 
temperature greater than body 
temperature.   
 
Incubators, warming surfaces and 
microscope stages are controlled by 
electricity. Thermostats within these 
instruments control the temperature via a 
heating element. When electricity is 
applied to the element, the electricity is 
converted to heat. Older warmers use a 
bi-metal strip to detect the temperature. 
The two different metals that make up the 
strip expand and contract at different rates 
causing movement of the bi-metal strip. 
This movement is used to open and close 
contacts and send or remove power from 
the heating element to raise or lower 
temperature. Newer style warmers use 
temperature sensors and microprocessor 
chips for temperature control. The sensors 
provide the chips with the current 
temperature information. In turn, the chips 
control the electrical flow to the heating 
elements to regulate temperature. With an 
incubator as with any electric heater, the 
temperature often rises above the 
prescribed mark.  This thermal overshoot 
is usually caused by the element heating 
up a mass; by the time the temperature 
sensor reaches the set point, there is still 
warming that is produced by the mass. In 
turn, when the temperature drops below 
the set point, the mass will first have to 
warm up to provide heat for the incubator. 
This overshoot of warm temperature and 
undershoot of cool temperature can be 
thought of as a Sine wave with low dips 
and high peaks and the desired 
temperature being in the middle of the 
wave.  
 
There is another aspect to temperature 
regulation that needs to be discussed, that 
of accuracy. For example, Langley and 
coworkers compared temperature settings 
of two microscope stages to the 
temperature of a 50 drop uL of culture 
medium overlaid with oil. There was a 4oC 
and 6oC difference between stage 
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temperature and microdrop temperature. 
When these temperatures differences 
were corrected, blastocyst rate and 
number of embryos cryopreserved among 
a group of human oocytes inseminated via 
ICSI was significantly improved (Langley 
et al., 2003).  
 
In summary, temperature is a critical 
environmental issue. Temperatures a few 
degrees below core temperature are less 
critical because of the cell’s ability to slow 
its metabolism. This is not to say that 
oocytes and embryos can tolerate a 
decrease that is slightly lower than normal 
temperature for long periods of time 
without detrimental effects.  However, 
temperatures a few degrees above core 
temperature can cause irreversible 
damage or death of the cell. Therefore, it 
is imperative that temperatures be 
maintained within a tight range and that 
the instruments used to measure these 
temperatures be extremely accurate (± 
0.1oC). It also is imperative that equipment 
that provides heat be evaluated for hot 
and cold spots to insure the safety of 
gametes/embryos.  
 
C. Light 
There are numerous photographs in the 
literature of embryos that developed into 
offspring.  This would indicate that small 
amounts of light do not deter fertilization 
and embryo development.  However, the 
exact amount of light allowable (in 
duration and intensity) before cellular 
damage occurs to embryos has not been 
defined. 
 
 
There is evidence that media, sera and 
cultured cells are altered if exposed to 
fluorescent light. Light can breakdown 
riboflavins and tryptophan in media and 
form toxic photo products. The 
photooxidation of bilirubin in sera 
produces toxic components. Hydrogen 
peroxide production in culture media as a 
result of exposure to fluorescent light 
causes DNA damage to cultured cells 
(HyClone, 1982; Okano et al., 1997). 
Hydrogen peroxide is produced in one-cell 
hamster embryos with as little as 0.5 
minutes of exposure to fluorescent light 
(Nakayama et al., 1994).  

Earlier research also indicated that 
fluorescent light might be deleterious to 
cells. Daniel demonstrated that rabbit 
embryos (recovered 17 hours post-coitum) 
exposed to fluorescent light for 1 to 12 
hours had an inverse cell division rate 
when compared to control embryos that 
were not exposed to light. Daniel further 
demonstrated that embryos exposed to 
red light had more cell divisions than did 
embryos exposed to shorter wavelengths 
of light (Daniel, 1964). Bradley and 
Sharkey exposed Chinese hamster lung 
cells to fluorescent lighting at various time 
intervals (up to 3 hours) and found that 
light as low as 60 footcandles (~ 646 lux [1 
footcandle = ~ 10.764 lux]) would cause 
cells to mutate after only 1 hour of 
exposure. They concluded that 
“…exposure to fluorescent light should be 
limited during virtually any study with 
cultured cells”  (Bradley and 
Sharkey,1971).            
 
Other sources of light also may alter 
cellular events. Ultraviolet rays emitted 
from florescent lights might be harmful to 
cells (Daniel, 1964; Takahashi et al., 
1999). In selected mammalian species, 
incandescent lighting may be harmful 
(Yamauchi et al., 2002). Furthermore, 
exposure to neon lights (320 to 740 nm) 
for 1 hour (whether in one dose or 4 
minute doses) impaired cell proliferation in 
two-cell and morula stage rabbit embryos. 
(Fischer et al., 1988; Schumacher and 
Fischer, 1988) 
 
In contrast to the above findings, other 
scientists did not find embryo development 
to be altered due to exposure to light. 
Kruger and Stander exposed two-cell 
mouse embryos to fluorescent lights (2900 
lux) for 30 minutes, but the exposure did 
not reduce blastocyst rates. (Kruger and 
Stander, 1985) Barlow and associates 
exposed mouse oocytes to 4000 lux of 
visible light for 1, 2 or 4 hours. Then they 
performed in vitro fertilization and allowed 
the resulting blastocysts to be transferred 
to pseudopregnant mice. The proportion of 
normal fetuses was not different from 
control oocytes that were cultured under 
identical conditions, but protected from 
light. (Barlow et al., 1992) Jackson and 
Kiessling placed unfertilized mouse ova 
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onto microscope stages and exposed 
them to maximum light intensity for 10 
minutes before they initiated in vitro 
fertilization. The results for the treatment 
group did not differ in fertilization or 
development to the morula stage when 
compared to the results of a control group. 
(Jackson and Kiessling, 1989) Cattle 
morulae were not altered when exposed to 
250J/cm2 of helium/neon light. (Bielanski 
and Hare, 1992) 
 
Sensitivity to light appears to be stage 
dependent for embryos. Thymidine levels 
(more precisely called deoxythymidine, a 
nucleoside composed of the pentose 
sugar, deoxyribose, and the pyrimidine 
base, thymine) decreased in two-cell 
rabbit embryos exposed to 1 hour of light, 
whereas it required 8 hours of light 
exposure for morula-stage embryos to 
exhibit the same effect. (Schumacher et 
al., 1988)  Studies performed with various 
cell stages of mouse embryos found 
similar results when the embryos were 
exposed to X-irradiation (Alexandre, 1974) 
or ultra-violet (UV) irradiation. (Eibs and 
Spielmann, 1977) Exposure of eight-cell 
Swiss mouse embryos to visible light (580 
nm wavelength), and UVA light (400 nm 
wavelength) for up to 30 minutes 
produced no deleterious effects post-
culture (up to 72 hours) compared to 
controls. However, exposure to short-
wave UV light (220-280 nm wavelength) 
for 5 minutes or less did reduce viability 
within 24 hours (Bielanski and Hare, 
1991). Umaoka and coworkers exposed 
one-, two-, and eight-cell hamster 
embryos to different wavelengths of 
fluorescent lighting and discovered that 
the percent of embryos that developed to 
the blastocyst stage in vitro was inversely 
proportional to cell stage (Umaoka et al., 
1992). 
 
 
Light sensitivity may also be species 
specific.  While it is well known that 
intracytoplasmic sperm injection (ICSI) 
can be performed successfully in 
numerous species of animals, it has only 
recently been accomplished in the 
hamster (Yamauchi et al., 2002).  While 
these scientists were able to obtain an 
84% fertilization rate under fluorescent 

ceiling lights (10 V, 40 watts) and with an 
incandescent light bulb (6 V, 15 watts) in 
the microscope, none of the embryos 
developed beyond the two-cell stage. 
However, when ICSI was performed with 
one incandescent lamp (100 v, 20 watts) 
and a red cellophane filter on the 
microscope light, morula embryos that 
were transferred to a recipient produced 
offspring. Conversely, rabbit oocytes were 
exposed to 3250 lux of fluorescent light for 
20 to 30 minutes (200 to 300 times to what 
is experienced during normal human in 
vitro production) and then placed in the 
contralateral oviducts of synchronized 
recipients for fertilization and further 
development. No significant differences 
were observed in implantation rates 
between exposed oocytes and controls 
(not exposed to light) (Bedford and 
Dobrenis, 1989).  
 
 
It would seem that wavelengths of light in 
the color range of blue and below (< 490 
nm) may be the most harmful to cell 
viability. (Light absorption by pigments is 
as follows: red/orange – 670 to 580 nm, 
yellow – 580 to 560 nm, green – 560 to 
490 nm, blue – 490 to 470 nm, and violet - 
470 and below (Boone and Shapiro, 
1990). For example, meiosis in hamster 
oocytes was inhibited when the oocytes 
were exposed to wavelengths of light less 
than 470 nm to 480 nm (Hirao and 
Yanagimachi, 1978b). In addition, Ottosen 
and associates evaluated light source and 
intensity in an assisted reproductive 
technology (ART) laboratory and 
determined that exclusion of blue light 
reduced stress on the embryo (Ottosen et 
al., 2007). Orhon and colleagues 
demonstrated with the use of various 
filters that 525 to 575 nm wavelengths 
provided the best fertilization and 
cleavage rate for human oocytes and 
embryos, respectively (Orhon et al., 1998). 
 
Light can damage male gametes just as it 
does female gametes. When human 
spermatozoa were exposed to short UV 
waves (9.3 µJ/m2/min), there was a 
significant drop in motility after 5 minutes, 
with complete immobility and membrane 
damage after 10 minutes. It took greater 
than 10 minutes to alter sperm when long 
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UV waves (7.1 µJ/m2/min) were used. 
Short-term UV wave exposure of sperm 
also reduced the two pronuclear rate of 
oocytes as well as cleavage rate 
(Zaninovic et al., 1999).  
 
Light has even been shown to damage 
organelles. Hegele-Hartung and 
associates demonstrated that neon light 
disrupted nuclear morphology (Hegele-
Hartung et al., 1991). Wataha and 
coworkers demonstrated that the 
mitochondria of mouse fibroblasts were 
inhibited when exposed to blue light 
(Wataha et al., 2004).  Others 
demonstrated a decrease in mitochondrial 
activity (Aggarwal et al., 1978). This 
decrease in mitochondrial activity may be 
caused by hydroxyl radicals (Hockberger  
et al., 1999; Squirrell et al., 1999).  
 
There is conflicting evidence regarding 
duration of light exposure and damage to 
a cell’s genetic make-up. Takahashi and 
associates demonstrated that exposure of 
golden hamster embryos to as little as 5 
minutes of fluorescent lighting promoted 
DNA damage (Takahashi et al., 1999). In 
addition, golden hamster embryos have 
suppressed development with increased 
light exposure; 30 minute exposure 
completely blocked development from the 
one-cell stage to the two-cell stage 
(Umaoka et al., 1992).  During nuclear 
transfer of in vitro cultured embryos, the 
embryos are often exposed to Hoechst 
stain and UV light in order to visualize 
nuclear structures. When Elhassan and 
coworkers exposed Hoechst-stained cattle 
morulae to UV light for 15 seconds, a 
significantly lower percentage of exposed 
embryos developed to the blastocyst 
stage than did control embryos (11% vs. 
89%, respectively) (Elhassan et al., 2000). 
In contrast, Schumacher and associates 
exposed 3- and 4-day-old rabbit embryos 
to neon lights for 24 hours. The incidence 
of DNA aneuploid embryos and DNA 
aneuploid cell nuclei per embryo and the 
average nuclear DNA content was not 
different for the 24 hour exposed group 
when compared to the nonexposed control 
group (Schumacher et al., 1998). 
 
Because light waves appear to harm 
fertilization and early embryo 

development, scientists have attempted to 
limit light exposure to these cells. 
Scientists have added para-amino benzoic 
acid to culture medium to block UV waves 
with no detrimental effect on two-cell 
mouse embryos or sperm motility 
(Robertson et al., 1988).  One reason 
scientists use plasticware for cell culture is 
because plasticware can absorb almost all 
light waves below 300 nm (Rauth, 1970; 
Bradley and Sharkey, 1977). Furthermore, 
filters often are mounted on microscopes 
to reduce light waves below a specific 
wavelength (i.e., green filters block wave 
lengths below 500 nm). Fluorescent lights, 
which emit UV waves, can be replaced 
with yellow lights (i.e., GTE Sylvania Inc., 
Danvers, MA; Catalog Number Gold 
F40/GO) or laboratory personnel can have 
UV light protectors positioned over the 
fluorescent tubes (McGill Electrical 
Product Group, Skokie, IL; Catalog 
Number 2260) (Boone et al., 2007). 
Tungsten light bulbs with dimmer switches 
can be installed in laboratories to control 
light intensity (Cutting et al., 2004). 
Furthermore, transparent walls that allow 
light to enter the laboratory can be 
covered in a manner similar to “privacy 
glass” used in the automobile industry. In 
the operating room where oocytes were 
collected, Noda and associates lowered 
the light intensity to 20 lux. Furthermore, 
light intensity of the stereo microscope 
was lowered to 100 lux and, to eliminate 
light waves < 500 nm, a yellow filter was 
added (Noda et al., 1994).   
 
Light is deleterious to more aspects of 
ART procedures than just gametes and 
embryos. Hill has stated that light 
degrades media; thus, media should not 
be left out on the work bench, but returned 
to an unlighted environment as soon as 
possible (Hill, 2001a).  
 
 
According to Ottosen and associates, lux 
values are not appropriate measurements 
of light and scientists should report their 
values in irradiance (W/m2). They went on 
to state that a typical microscope yielded 
20 – 30 W/m2 (2500 to 5000 lux) and, 
provided the light remains subdued, 
ambient light has little effect on in vitro 
cultured embryos (Ottosen et al., 2007).  
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In summary, light, especially light with 
wavelengths below 500 nm, is harmful to 
gametes and embryos. Therefore, 
laboratory personnel should be cognizant 
of lighting within the laboratory 
environment and should use incandescent 
lighting or UV sleeves on fluorescent 
lighting where possible. In addition, yellow 
filters should be mounted on microscopes 
to reduce the amount of low nanometer 
light transmitted to gametes and embryos. 
 
D. Relative humidity 
Inside the Incubator 
If embryologists attempt in vitro culture of 
gametes and embryos in a media that is 
directly exposed to a gaseous 
environment, the environment must 
contain a very high level of moisture to 
prevent rapid evaporation of water from 
the media. Such water loss would result in 
an increase in the osmolality of the media, 
which could be detrimental to the cells 
(Ozawa et al., 2006).  Embryologists must 
monitor relative humidity (RH) closely to 
prevent such an increase in osmolality.  
However, finding an instrument that will 
measure RH accurately within close 
tolerances may be a problem. Most 
instruments possess a tolerance range of 
± 3% to ±5% RH and even then the values 
are often suspect.    
 
Relative humidity is not as critical if 
gametes and embryos are cultured in 
medium under a layer of oil, because oil 
acts as a barrier to prevent water loss 
from the culture medium. (For other 
reasons to use oil, see the section titled 
“Oil Overlay”).  Regardless, most 
embryologists still attempt to maintain a 
high RH inside the incubator even if the 
culture media is under oil. This has 
become dogma.  
 
Relative humidity is usually controlled in 
an incubator by placing a pan of water in 
the bottom of the incubator.  This location 
is designed to allow air to flow over the 
water and pick up moisture that will 
saturate the air within the incubator. High 
RH can be obtained quickly if the 
laboratory technologist strategically places 
a wick in the water pan so that the air 
current passes over the moistened wick; 
however, the air within the incubator will 

be saturated eventually, whether or not a 
wick is added to the pan. The downside to 
wicks is that they are usually made of 
cloth, which attract bacteria and other 
unwanted organisms.  
 
Maintenance of this water pan is crucial if 
the growth of bacteria and fungus is to be 
prevented.  Laboratory personnel often will 
place a copper penny or a piece of copper 
wire in the water pan to reduce the 
potential for water-borne bacteria and 
fungi growth. Whether or not copper is 
added to the water pan, old water should 
be discarded and new water added after 
the pan has been wiped clean. This is a 
weekly procedure in our laboratory.  
 
Outside the incubator 
We attempt to keep the RH level in our 
laboratory between 30% and 60%. 
Relative humidity below this level 
increases the static electricity potential, 
(static electricity occurs when atoms and 
molecules that are normally neutral have 
their positive and negative charges 
separated; these charges can build up, but 
adding humidity to the environment makes 
the atmosphere more conductive and 
removes the stationary electrical charges), 
while values above this range can lead to 
elevated levels of bacteria and mold 
growth (IAQ TfS Action Kit, 2009).  
 
In summary, while the level of RH is of 
little consequence if the culture media are 
overlaid with oil, water pans are still found 
in the bottom of many incubators. If water 
is added to the culture environment, it 
must be changed regularly to prevent the 
growth of unwanted microorganisms. As 
for the RH in the laboratory, it needs to be 
maintained at a comfortable level that is 
not to low so as to cause static electricity 
or too high so as to provide opportunity for 
microorganisms to grow.  
 
E. Electromagnetic fields 
All electrical appliances that use 
alternating current generate 
electromagnetic fields (EMFs). Where 
there is a current, there is a magnetic field 
that is related to the amount of voltage. 
While electrical fields can be shielded 
easily, magnetic fields can penetrate most 
materials. It is thought that EMFs are a 
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stressor and, when combined with other 
genetic and environmental factors, can 
create negative effects. Scientists blame 
EMFs for leukemia, lung cancer, and fetal 
loss. It has been demonstrated that EMFs 
can alter various cell forms.  Such cells 
include slime molds, bone cells, salivary 
gland cells, lymphocytic cells, and 
reproductive cells. Depending upon the 
Hertz (units of electrical intensity) and the 
milli-gauss (units of magnetic intensity) of 
EMFs, embryo development in the sea 
urchin, chick, mouse and rat can be 
altered (Turczynski et al., 1997). 
 
 
Wamil and coworkers demonstrated that 
magnetic fields can alter sperm 
performance. These scientists exposed 
sperm penetration assay dishes to four 
magnets of alternating polarity and 
observed reduced potential sperm 
penetration (Wamil et al., 1992). 
 
 
Mubarak and Mubarak observed that 18 
married men (mean age was 45 years; 
mean age at marriage was 26 years), who 
worked or lived in the vicinity of a high 
voltage power station for an average of 10 
years, fathered 62 children of which 54 
were girls (87%) and eight were boys 
(13%). This ratio of girls to boys was 
significantly higher than the normal 
population. The authors proposed, as one 
explanation, that high voltage electricity 
may interfere with the calcium and cyclic 
AMP responsible for sperm movement. 
They also proposed that this effect was 
greater on the Y-carrying sperm than the 
X-carrying sperm (Mubarak and Mubarak, 
1996).  
 
 
Exposure of preimplantation mammalian 
embryos to EMFs can have embryotoxic 
effects. Zusman and coworkers exposed 
late morulae – early blastocyst stage 
mouse embryos to 1 Hz, 20 Hz, or 50 Hz 
for 24 hours, 48 hours or 72 hours of 
incubation. Their results revealed that > 
50% of the embryos failed to develop after 
72 hours. These same researchers 
exposed 10.5 day-old rat embryos to 20 
Hz, 50 Hz or 70 Hz for 48 hours. All tested 
levels of electrical current produced 

decreased embryo crown-rump length and 
fewer somites. In addition, the 70 Hz 
exposure caused an increase in loss of 
forelimb buds and an increase in embryo 
concaveness (Zusman et al., 1990). 
 
 
Not all EMFs damage embryos. Zervins, 
as well as Maffeo and associates, found 
no detrimental effects of electrical current 
(Zervins – 26 kHz; Maffeo - 10 Hz, 100 Hz 
or 1000 Hz) on chick embryos (Zervins, 
1973; Maffeo et al., 1984, Maffeo et al., 
1988). In addition, Zusman and coworkers 
found that some levels of electrical current 
are more damaging than others. For 
example, they reported that 70 Hz caused 
significantly higher teratogenic effects on 
rat embryos than did 20 Hz. They also 
discovered that 20 Hz was more 
embryotoxic than 50 Hz for mouse 
embryos (Zusman et al., 1990). These 
variations may be because of species, 
stage of embryo growth when exposed to 
the electrical current and/or the frequency 
and/or intensity of the Hertz. These 
variations may also indicate that there is a 
“window” in which embryos are most 
vulnerable to electrical current. For 
example, Martin demonstrated that EMFs 
altered chick embryo development during 
the first 24 hours of incubation, but not 
during the second 24 hours (Martin, 1988). 
 
 
Because EMFs are potentially harmful, 
laboratory personnel should prevent 
gamete and embryo exposure to them. 
The easiest way to do this is to keep cells 
as far away from an electrical source as 
possible. In addition, scientists propose 
that Mu metal (nickel, iron, copper, and 
molybdenum alloy) can be mounted inside 
incubators to shield cells from magnetic 
fields (Turczynski et al., 1997). 
 
 
In summary, it would appear from the 
above citations that electrical current has 
the potential of affecting gametes, 
embryos and other cells of the body.  
More research into this area is needed to 
determine if the many pieces of electrical 
equipment currently used in ART 
laboratories pose a potential danger to 
gametes and embryos.  
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F. Incubators 
Incubators can arguably be the most 
critical pieces of equipment in an ART 
laboratory. Until recently, however, 
incubators have received relatively little 
attention. For example, laboratory 
personnel have used tissue-culture 
incubators for decades to accomplish in 
vitro fertilization and cellular division. 
Because these tissue-culture incubators 
usually have front-loading doors, they 
experience a rapid loss of heat, gas and 
RH. Once the doors are closed, the time 
required for the temperature to return to 
the desired level can be 20 minutes 
(Fujiwara et al., 2007), while the CO2 level 
within the internal chamber can take an 
hour or more to rebound (Boone and 
Shapiro, 1990; Avery et al., 2000). Multiple 
door openings can create an even more 
unstable internal chamber environment, 
and this can alter embryo development 
(McKiernan and Bavister, 1990; Gardner 
and Lane, 1996; Avery et al., 2000).  
 
Over the years, manufacturers have 
modified some of their general cell culture 
incubators to make them more suitable for 
embryo culture. Boone and Shapiro 
reported that when front-load incubators 
were opened, CO2 “rolled out” of the 
incubator at such a rapid rate that it 
required 75 minutes to bring the incubator 
environment back from 4% CO2 to its 
original state of 5% CO2.  When a plastic 
partition was added to the lower portion of 
the incubator chamber, similar to a Dutch 
door, CO2 level only declined by 0.5% and 
returned to 5.0% CO2 within 40 minutes 
(Boone and Shapiro, 1990). To better 
retain the desired gas, manufacturers 
have improved upon this “Dutch door” 
concept and added individualized doors. 
Now there are top-load incubators that 
control internal environment even more 
precisely than front-load incubators 
because of a lessening of the “roll out” 
effect, which has improved embryo quality 
(Mortimer et al., 2002; Fujiwara et al., 
2007).  
 
One has to remember that incubators 
designed solely for in vitro culture of 
mammalian embryos have appeared on 
the market only recently. The top-loading 
mini incubator (MINC; Cook Co., Australia) 

is manufactured to meet this specific need 
and is designed to minimize the loss of 
heat, gas and RH. The MINC appears to 
significantly improve embryo quality, as 
judged by implantation rate and clinical 
pregnancy rate, when compared to the 
quality of embryos cultured in Forma 3336 
incubators (Mortimer et al., 2002). 
 
 
Control of gas concentration in the 
chamber 
Monitoring of CO2 levels within an 
incubator by laboratory personnel has 
become somewhat controversial. Many 
laboratory personnel still use Fyrite 
analyzers (Bacharach, Inc., Pittsburgh, 
PA) to determine this gas level even 
though the values from this analyzer fall 
outside of an acceptable CO2 range a 
percentage of the time (11.7% and 6.7% 
of the time for two different incubators; 
Johnson et al., 1995).   
 
Furthermore, Johnson and coworkers 
demonstrated that Fyrite instruments 
differed significantly from each other and 
from an infrared CO2 monitor control.  
Likewise, results obtained from various 
investigators differed significantly from 
each other and from controls. Upon further 
investigation, it was discovered that 18.5% 
of the variation in CO2 level 
measurements was contributed by the 
investigator, the various trials and the 
Fyrite analyzer. An additional 40.2% of the 
variation was contributed by the 
incubators. This left 41.3% of the variation 
caused by random error (Boone et al., 
1996). Because of the instability of the 
Fyrite analyzer, we now use infrared CO2 
monitors (Ohmeda, Louisville, CO, Model 
5200) to measure CO2 levels in 
incubators.  These instruments have an 
accuracy of ± .1% compared to the Fyrite 
analyzer’s ± .5%.   
 
 
Control of chamber temperature 
In the In Vitro High Temperature Section 
under Temperature, we discussed the 
issues of door openings and how they 
caused the temperature within the 
incubator to drop. Therefore it is 
imperative that the number of door 
openings be judiciously controlled.  
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We demonstrated that, in a population of 
209 IVF patients, incubator chamber 
temperatures lower than 37 oC (36.96 ± 
0.13 oC [mean ±SD]) produced a higher 
pregnancy rate than did temperatures 
above 37 oC (37.03 ± 0.13 [mean ± SD]). 
It was discovered that, although 
incubators were set to 37oC, there was a 
temperature fluctuation of ± 0.2 oC. To 
prevent the temperature from advancing 
beyond 36.9 oC, we reduced all incubator 
temperatures to 36.7 oC. After this 
adjustment was made, our pregnancy 
rates per retrieval rose to 56.6% (162/286) 
for all patients less than 43 years of age 
(Higdon et al., 2008).   
 
Control of air quality in the chamber 
Incubators can now be fitted with HEPA or 
VOC filters. We purchased four model 
3140 Forma incubators (Thermo Forma, 
Marietta, OH) and installed HEPA filters in 
two of them and VOC filters in the other 
two. We performed IVF and embryo 
culture of bovine oocytes in all four 
incubators.  We then switched the filter 
types among the four incubators so that 
incubators originally fitted with HEPA 
filters were now fitted with VOC filters and 
vice versa.  More than 2000 bovine 
oocytes in 11 replicates were used in this 
experiment. While fertilization rates were 
not significantly different between the 
HEPA and VOC filtered incubators, when 
we compared blastocyst developmental 
rates, there was a significant difference (P 
= .02) in favor of VOC filtered incubators 
(Higdon et al., 2008). 
 
Variations in incubators  
Just because incubators are the same 
make and model, it does not mean they 
will perform equally well. When we 
compared four incubators of the same 
make and model number, we found that 
one incubator demonstrated a significantly 
higher fertilization rate (77%; P < .001) 
than the other three incubators (63%, 65% 
and 68%). Why this was the case remains 
to be elucidated.  
 
We also discovered that, when we 
compared pregnancy rates of 262 IVF 

patients whose embryos resided on 
different shelves within the incubators, 
embryos housed on the middle of three 
shelves produced a clinical pregnancy rate 
2.0 times greater (P = .03) than embryos 
housed on the top shelf and 1.4 times 
greater than embryos placed on the 
bottom shelf (Higdon et al., 2008). Cutting 
and coworkers suggested that even if an 
incubator is new, if there is too much 
variation in it’s performance or if it fails to 
provide stable culture conditions, the 
incubator may have to be replaced 
(Cutting et al., 2004). 
 
In summary, incubators are one of the 
most important pieces of equipment in an 
ART laboratory and they should be 
diligently maintained and monitored. 
Laboratory personnel should strive to limit 
the number of door openings in order to 
provide a consistent environment for the in 
vitro culture of gametes and embryos. 
Furthermore, variations between 
incubators and within an incubator should 
be monitored for desired outcome. 
 
 
A. Hydrogen ion concentration (pH)    
From a historical perspective, gas 
concentration was and still is, for the most 
part, measured from within the confines of 
the incubator, but one needs to remember 
that the CO2 level entering an incubator is 
not the ultimate concern.  What happens 
when CO2 molecules are introduced into a 
cell is the first concern. Once the CO2 
enters a cell and combines with water 
(H2O), the molecules form carbonic acid 
(H2CO3), which then dissociates into a 
bicarbonate ion (HCO3

-) and a hydrogen 
ion (H+) and causes the intercellular pH to 
decrease (McLimans, 1972). Thus, the 
ultimate measurement would be the 
internal pH (pHi) of a cell. However, 
because this is not practical, the best 
alternative is to measure the pH of the 
culture medium in which the cell resides.  
 
 
The second concern is the partial pressure 
of CO2, since that is what will determine 
the  amount  of  CO2  that  dissolves in the
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Figure 1.  Association of percent carbon dioxide related to meters above sea level.   
(Reprinted from User Manual K-MINC-1000 Benchtop Incubator, 2006.  With permission from Cook 
Medical, Inc.) 
 
 
 
water of the culture medium.  As one 
increases in elevation from sea level, the 
atmospheric pressure decreases (Figure 
1).  Increased volumes of CO2 must 
therefore   be   added  to  the Incubator  to 
produce the necessary partial pressure to 
cause CO2 absorption to occur (Kemeter 
and Lietz, 2002). 
 
Laboratory personnel originally used 5% 
CO2 and 95% air (5/95) or 5% CO2, 5% 
oxygen (O2) and 90% nitrogen (N2; 5/5/90) 
(Wright and Bondioli, 1981) in the culture 
environment. (Air contains 78% N2, 21% 
O2 and 1% other gases (King and 
Caldwell, 1963). While 5% CO2 might be 
the most widely used level for all 
mammalian species, it may not be the 
optimal CO2.  In hamsters, a 10% CO2 
level produces a much higher rate of 
blastocoele development for early eight-
cell embryos than does a 5% level 
(Carney and Bavister, 1987).      Zhao and  

 
 
 
coworkers demonstrated that two-cell 
mouse embryos will develop to the 
blastocyst stage  within  the range of 0.4%  
to 5.0% CO2.  However, for 90% or more 
of these embryos to reach the blastocyst 
stage, the CO2 level had to be between 
2% and 5% (Zhao et al., 1995). 
Furthermore, Lane and associates state 
that a 1% change in CO2 levels (5% CO2 
versus 6% CO2) yielded significant 
differences in blastocyst cell numbers, 
implantation rate and fetal developmental 
rate in favor of the 6% CO2 level. With a 
CO2 level of 6% to 6.5%, Lane and 
coworkers could maintain their 25 mM 
bicarbonate culture media within a pH 
range of 7.2 to 7.3 (Lane et al., 2008). 
 
The disparity in this range of CO2 levels is 
most likely because of variations between 
species and does not imply that there is a 
wide range of pH that will support 
fertilization and development of 
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mammalian embryos. For example, a pH 
increase above an embryo’s physiological 
pH of 7.8 will decrease embryo 
development due to a shift in the ion 
exchange activity (Zhao et al., 1995). 
Plante and associates did point out, 
however, that the quality of the embryo 
needs to be taken into consideration when 
trying to determine the optimal in vitro 
culture pH.  They reported that “fair” 
quality cattle embryos developed 
significantly better at a pH of 7.7 rather 
than a pH range of 7.1 to 7.4 (Plante et al., 
1986).   
 
Table 2 demonstrates that, while there is 
much variation in pH within and among 
reproductive tracts of eutherian mammals, 
pH generally decreases as the embryo 
advances towards the uterus.  For 
example, in the ampullary region of the 
oviduct of the rat, the pH is 8.04 (Blandau 
et al., 1958), but the pH declines to 7.21 or 
lower in the uterus (Hall, 1936). Hamster 
oocytes fertilize best at a pH of 
approximately 7.6, but as embryos start to 
divide and move through the reproductive  
tract, the pH within the tract drops to 6.5 to 
7.4. When Carney and Bavister simulated 
this in vivo environment via an in vitro 
culture system, the pH of the culture 
media had a direct effect on the hatching 
of hamster blastocysts.  A pH of 7.1 
proved to be the optimum, while less 
hatching occurred at a pH of 6.8 or 7.4 
(Carney and Bavister, 1987).  We found a 
similar pattern when we performed in vitro 
fertilization and embryo culture with bovine 
oocytes. In our study, bovine oocytes 
fertilized at a higher rate in a 5% CO2 
atmosphere (media pH of 7.42), but by the 
time embryos reached the blastocyst 
stage, a 7% CO2 atmosphere (media pH 
of 7.33) produced the best developmental 
results (Higdon et al., 2008).   
 
The above information implies that in vitro 
fertilization should be conducted at a 
media pH of approximately 7.5 and 
decreased as cells divide, with the 
ultimate goal being a media pH of 
approximately 7.2 when embryos reach 
the blastocyst stage. Dale and coworkers 
stated that the optimal extracellular pH 
(pHe) for human oocyte insemination was 
approximately 7.5 (Dale et al., 1998). This 

was confirmed by John and Kiessling who 
demonstrated that pronuclear mouse 
embryos produced the highest blastocyst 
rate when the media pH was between 
7.17 and 7.37 with a significant decline in 
percent morulae and blastocysts observed 
at a media pH of 7.5 (John and Kiessling, 
1988).  
 
Physiological functions of embryos such 
as gluconeogenesis, urea synthesis 
andoxidative phosphorylation are 
dependent upon proper pH. (HyClone, 
1987). The breakdown of glucose to 
pyruvate and lactic acid during glucose 
metabolism may change media pH and 
thus alter embryo development 
(Thompson, 1996). Pyruvate and lactate 
at high concentrations reduce the pHi of 
embryos; therefore, media used for early 
embryos should not contain elevated 
levels of these two simple carbohydrates. 
However, it should be noted that pyruvate 
can also be a desirable media component 
due to its antioxidant properties. As such, 
it helps to reduce intracellular levels of 
hydrogen peroxide (Gardner and Lane, 
2003).  
 
There appears to be a wide range of pH in 
which oocytes and embryos develop. 
However, when laboratory personnel 
prepare media, they should strive to obtain 
the optimal pH for the stage of 
development for the particular species. 
This is especially important because 
changes in the quality of water used to 
prepare culture media (see the “Water 
Quality” section for more information) and 
the filtration process used to purify media 
can alter its final pH (HyClone, 1987; 
Boone and Shapiro, 1990). If the pH of 
prepared culture medium falls outside of 
an acceptable pH range, it should be 
discarded; laboratory personnel should not 
try to adjust the pH with acids or bases.  
An incorrect pH is an indicator that the 
medium was not prepared correctly.  
 
The pH indicator phenol red may not be as 
detrimental as once thought (Dumesic et 
al., 1989). At one time, laboratory 
personnel thought phenol red had 
estrogenic properties that would damage 
gametes and embryos.  More recently, 
however, scientists discovered that the  
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Table 2.  Hydrogen ion concentration for gametes, embryos, and reproductive organs from various species.* 
Species Cell Stage pH Range Tested pH Ideal Reference 
Cattle Sperm metabolism highest  7.5 Cragle and Salisbury, 1959 
Cattle Sperm respiration optimum  6.9 – 7.0 Lardy and Phillips, 1943 

Cattle Oviductal fluid 6.72  Olds and VanDemark, 
1957 

Cattle Fertilizing ability  6.5 - 6.8 Foote,1964 
Cattle Blast (good quality) 7.1 – 8.0  Plante et al., 1986* 
Cattle Blast (fair quality) 7.1 – 8.0 7.7 Plante et al., 1986* 

Hamster Oocyte fertilized in vitro <7.2-8.0 7.6-7.8 Bavister, 1969 
Hamster Oocyte fertilization 6.7-8.7 6.8-8.2 Miyamoto et al., 1974 
Hamster Eight-cell 6.5 – 7.4  Carney and Bavister, 1987 
Mouse Oocyte fertilization 6.0-8.5 7.3-7.7 Miyamoto et al., 1974 
Mouse Oocyte 6.8 – 8.1  Pavlok, 1968 

Mouse Oocyte  7.0 Iwamatsu and Chang, 
1971 

Mouse One-cell to two-cell 7.17 - 7.37; 
7.50 saw a decrease  John and Kiessling, 1988 

Mouse Two-cell to blast 7.17 – 7.37; 7.50 
saw a decrease  John and Kiessling, 1988 

Mouse Two-cell to blast 7.17 – 7.37; 7.50 
saw a decrease  John and Kiessling, 1988 

Mouse Two-cell to blast 5.87 – 7.78 6.82 Brinster, 1965 
Mouse Eight-cell 6.9 – 7.7  Whitten, 1956 
Mouse Uterus, early estrus 7.11 – 7.46  Hall, 1936 
Mouse Uterus, post estrus 7.21  Hall, 1936 

Rabbit Sperm active and survive 
longest  ~ 7.0 Emmens, 1948 

Rabbit Sperm respiration optimum  6.8 Lardy and Phillips, 1943 

Rabbit Fertilizing ability 5.57 – 10.19 7.6 Chang and Thorsteinsson, 
1958 

Rabbit Oocyte fertilization in vitro 7.6 – 8.2  Bedford and Chang, 1962 

Rabbit Oocyte 7.6 – 8.2  Suzuki and Mastrioianni, 
1965 

Rabbit Oviduct 7.91  Vishwakarma, 1962 
Rabbit Uterus 7.65 -8.20  Vishwakarma, 1962 

Rat Ampullae fluid 8.04  Blandau et al., 1958 
Rat Periovarial sac fluid 8.05  Hall, 1936 
Rat Oocyte fertilization 6.75-8.3 7.85 Miyamoto et al., 1974 
Rat Uterine fluid 7.74  Hall, 1936 
Rat Uterus, early estrus 7.24 - 7.67  Hall, 1936 
Rat Uterus, post estrus 7.21  Hall, 1936 

Sheep Oviductal fluid 6.8 – 7.0  Hadek, 1953 

Human Sperm most active  ~ 8.5 Blackshaw and Emmens, 
1951 

Human Oocytes 7.2  Edwards et al., 1984 

Human Oocytes 7.6  

Lopata et al., 1980, 
Dandekar and Quigley, 

1984,  
Sokoloski and Wolf, 1984, 

Mettler et al., 1982 
*While these are the reported values, other variables such as osmolarity can alter 
pH measurements. (Plante et al., 1986)  
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low concentration of phenol red used in 
culture media is not sufficient to produce 
such deleterious effects (Rieger, 2006). If 
this is true, phenol red can be safely 
added to culture media to detect pH shifts. 
Generally, phenol red is thought to be 
purple at a pH of 7.8, bluish red at a pH of 
7.6, red at a pH of 7.4, orange at a pH of 
7.0 and yellow at a pH of 6.5. However, 
the amount of phenol red added to a 
culture medium may vary and with this 
variance comes a shift in color. For 
example, Media 199 has a phenol red 
concentration of 20 mg/L whereas Ham’s 
F-10 Nutrient Mixture has a phenol red 
concentration of 1.20 mg/L (HyClone, 
1987). Therefore, to be safe, the final pH 
value of culture medium should always be 
determined using a properly calibrated pH 
meter.      
 
If there is little or no CO2 present in the 
environment, the pH of a bicarbonate 
culture medium will increase and this 
increase may damage embryos (Brinster, 
1965; Miyamoto et al., 1974).  Such an 
environment is present in atmospheric air, 
which contains only 0.035% CO2 (King 
and Caldwell, 1963). While an oil overlay 
will slow diffusion of CO2 out of culture 
media, it does not completely prevent loss 
of the gas. Lane and associates 
recommend that if any embryo collection 
or manipulation is to be performed, a 
buffer such as N-(2-hydroxyethyl) 
piperazine-N’-(2-ethanesufonic acid) 
(HEPES) or 3-(N-morpholino) 
propanesulfonic acid (MOPS) be used 
(Lane et al., 2008). These additives will 
help maintain the pH of culture media for 
more than 5 minutes. A buffer is most 
efficient when the pH and the pKa are 
equal. Considering that the pHi of early-
cell stage mammalian embryos is 
approximately 7.2 and HEPES (Mole Wt. 
238.3) has a pKa of 7.30 at 37oC while 
MOPS has a pKa of 6.98 at 37oC, HEPES 
would appear to be the better zwitterion to 
use (Mohan, 2003). 
 
It should be noted that other products, 
when added to media, help maintain pHi. 
Amino acids such as taurine, glycine and 
glutamine, with their zwitterions, bind 
protons and thus buffer the pHi of embryos 
(Gardner and Lane, 2003).  Under in vivo 

conditions, cumulus cells are surrounded 
by glycoproteins and glycosaminoglycans 
and provide a protective coat for oocytes 
and early embryos. When the cumulus 
cells are removed from oocytes before 
ICSI is performed, the culture medium in 
which this procedure is carried out should 
contain amino acids to buffer the medium 
and protect the oocytes (Gardner and 
Lane, 2003).   
 
While it is believed that short-term buffers 
are present in cytoplasm of cells, long-
term buffers are required to drive protons 
out of cells. To carry these protons out of 
cells requires transporters such as the 
N+/H+ antiporter and the HCO3-/Cl- 
exchanger (Gardner and Lane, 2003). 
Oocytes and early embryos (< 10 hours 
old) do not appear to possess any 
transport mechanisms and thus are much 
more susceptible to shifts in pHi.  
 
In the Incubator Section, under Control of 
Gas Concentration in the Chamber, we 
described monitoring of CO2 levels within 
the incubator. However, in an elegant 
explanation of the Henderson-Hasselbalch 
equation and its usefulness to determine 
the pH of culture media, Pool leads the 
reader to an important conclusion – 
measuring CO2 in an incubator, 
particularly with a Fyrite analyzer, is not 
productive. It is the pH within the cell that 
matters (Pool, 2004). [As an aside, Po and 
Sesozan describe the history and 
limitations of the Henderson-Hasselbalch 
equation (Po and Senozan, 2001)]. 
 
 
The pHi of oocytes and embryos now has 
been studied. Dale and coworkers stated 
that human oocytes and zygotes had a pHi 
of 7.4±0.1; however, these same cells had 
less tolerance for a pHe of 7.0 or 8.0 (Dale 
et al., 1998). Edwards and associates 
determined that the pHi for mouse zygotes 
was 7.17 with a slight increase to 7.22 by 
the time the embryo reached the morula 
stage (Edwards et al., 1998). This pHi did 
not alter significantly unless the zygote 
was exposed to a culture medium with a 
pH of 7.8 or greater. Lane and coworkers 
determined that hamster zygotes 
demonstrated a pHi of 7.19 ± 0.34l, two-
cell embryos a pHi of 7.21 ± 0.21 and 
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eight-cell embryos a pHi of 7.22 ± 0.41 
(Lane et al., 1998). Similar results were 
reported by Lane and Bavister, who stated 
that the pHi for bovine oocytes through the 
eight-cell stage was 7.20 – 7.24 with little 
variation (Lane and Bavister, 1999). 
Furthermore, Phillips and coworkers 
stated that the pHi for human cleavage-
stage embryos (two- to eight-cells) did not 
vary significantly from 7.12 (Phillips et al., 
2000).  
 
To maximize pHi of the embryo, laboratory 
personnel need to determine the pH of the 
culture medium in which the gametes and 
embryos reside (the pHe). Because a 
negative membrane potential drives 
hydrogen ions into the cell and cellular 
metabolism has a propensity to be acidic, 
there is some thought that the pHe should 
be slightly higher than the pHi. If true, 
preventing a shift in pHe would be a 
reason to move embryos into fresh culture 
media. However, others suggest a pHe 
closer to the pHi would not alter the pHi 
(Quinn and Cooke, 2004) and would 
require the embryo to expend less energy 
to maintain its pHi (Gardner and Lane, 
2003).  
 
In summary, while pH varies within the 
luminal environment of the reproductive 
tracts of eutherian mammals, it would 
appear that pHe becomes slightly more 
acidic as the embryo traverses the oviduct 
and moves towards the uterus. In an effort 
to match the in vitro environment to the in 
vivo environment, culture media are often 
designed to shift pH downward as cellular 
divisions increase. Laboratory personnel 
often increase incubator CO2 levels to 
help decrease pH. However, if oocytes or 
embryos are removed from the incubator 
for manipulation, chemicals need to be 
added to the culture media to prevent a 
shift in pH, for any dramatic change in pHe 
has the potential to alter the pHi of cells 
residing in the culture medium.  

 
B. Oxygen tension 
A large body of data is available on 
oxygen (O2) levels and their effect on in 
vitro fertilization and embryo development. 
The two O2 levels that have been most 
often studied are 5% and 20-21% (the 
amount of O2 in atmospheric air). Gardner 

states that O2 is an “aggressive molecule” 
that can be converted to superoxide 
radicals (Gardner, 2005). As O2 is 
consumed in oxidative phosphorylation, 
free radicals are generated via the 
electron transport chain (Catt and 
Henman, 2000).  So, it would seem the 
lower the O2 content in an in vitro 
environment, the less chance there is to 
produce a deleterious outcome. This 
concept is substantiated by the fact that a 
low O2 environment (2% to 8%) has been 
reported in the oviduct of the rabbit 
(Mastroianni and Jones, 1965; Ross and 
Graves, 1974; Fischer and Bavister, 
1993), hamster (Fischer and Bavister, 
1993) and rhesus monkey (Fischer and 
Bavister, 1993) and an even lower O2 
level is found in the uteri of these animals 
(Fischer and Bavister, 1993). While these 
data indicate that low O2 tension would be 
more appropriate for in vitro culture, 
scientists still disagree as to which level of 
oxygen (~ 5% or ~ 21%) is best for in vitro 
fertilization and embryo culture.  
 
Numerous researchers have reported data 
that support the concept of a 5% O2 
environment for in vitro fertilization and 
culture. Gardner and associates 
demonstrated that, in this lower O2 
environment, mouse embryos had 
significantly greater blastocyst 
development, blastocyst cell number and 
implantation rate (Gardner et al., 1999; 
Gardner, 2005). This observation is 
supported by others (Whitten, 1971; Quinn 
and Harlow, 1978). Low O2 tension (5% to 
7%) in in vitro culture systems has 
enhanced embryo development in the 
hamster (McKiernan and Bavister, 1990), 
rat (Kishi et al., 1991), rabbit (Li and 
Foote, 1993), mouse (Harlow and Quinn, 
1979), sheep (Tervit et al., 1972; 
Thompson et al., 1990), pig (Wright, 
1977), cow (Thompson et al., 1990), goat 
(Batt et al., 1991), rhesus monkey (Fischer 
and Bavister, 1993) and human. (Gardner 
et al., 1999) When in vitro cultured 
embryos were transferred in mice 
(Gardner, 1999; Karagenc et al., 2004) 
and humans (Catt and Henman, 2000), 
low O2 tension also led to better fetal 
development.  When one-cell mouse 
embryos were exposed to either 5% O2 or 
21% O2 and then placed in cold storage 
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(4oC) for 2 days, the survival rate for the 
embryos exposed to 5% O2 was higher 
than that of the embryos exposed to a 
21% O2 environment (89% versus 50%, 
respectively) (Herr and Wright, 1988b). 
Furthermore, abnormal gene expression 
has been reported in embryos exposed to 
high levels (21%) of O2 (Rinaudo and 
Schultz, 2005; Anderson et al., 2007). 
 
Other evidence favors a low O2 
environment as well. First, the inner cell 
masses (ICM) of mouse blastocysts 
contain fewer blastomeres when exposed 
to 20% O2 as opposed to 5% O2 (Gardner 
et al., 1999). Second, elevated O2 levels 
may alter gene expression. (Bean et al., 
2002; Harvey et al., 2004)  Third, large 
offspring syndrome in livestock may be 
caused by an elevated O2 tension (20% 
versus 5%) (Higdon et al., 2009).  
 
There appears to be just as much support 
for the use of 20% to 21% O2 to culture 
embryos. Gardner and coworkers found 
that cryopreserved/thawed human 
embryos did not differ in number of 
blastocysts developed from zygotes when 
exposed to 5% O2 or atmospheric O2 
(Gardner et al., 1999). With the use of 5% 
and 21% O2, scientists have in vitro 
fertilized and cultured bovine embryos to 
the blastocyst stage and proved that 
embryos cultured in TCM 199 under these 
gaseous conditions produced more 
blastocysts with 21% O2 (de Castro e 
Paula and Hansen, 2007). When exposed 
to 20% and 5% O2, and cultured in 
Waymouth’s Medium plus growth factors, 
follicular cells demonstrated better 
development at 20% O2   tension (Gigli et 
al., 2006).  Kea and associates indicated 
that in their patient population, the two O2 
levels did not differ in terms of fertilization 
rate, blastocyst formation, or pregnancy 
rates (Kea et al., 2007). Furthermore, 
there is some evidence that embryos 
cultured in vitro may become hypoxic, 
especially at low levels (5%) of O2 (Byatt-
Smith et al., 1991). 
 
Some scientists even have demonstrated 
that embryos cultured at either O2 level 
(5% or 21%) functioned similarly.  We 
reported seeing no increase in human 
birth weights from embryos in vitro 

cultured in 20% versus 5% O2 (Higdon et 
al., 2009). With the use of human 
embryos, Dumoulin and associates 
showed that pregnancy rate and 
implantation rate between the two O2 
levels was similar. Likewise, they found no 
difference in blastocyst development rates 
for randomly bred mouse embryos 
cultured at either 5% or 21% O2 (Dumoulin 
et al., 1995). Using in vitro fertilized 
Chinese hamster ova, Parkening and 
Cisneros reported that both O2 levels 
functioned equally well in terms of 
blastocyst development (Parkening and 
Cisneros, 1988).   
 
Why do mouse and human embryos 
develop equally well at both low and high 
O2 tensions? For the mouse, the cause 
may be strain dependent. Outbred mice 
such as CD1 develop significantly better in 
low O2 than high O2, but inbred F1 
embryos can thrive in high O2. The cell 
stage at which embryos are first exposed 
to elevated O2 levels also may play a role. 
Bavister stated that if the mouse embryo is 
not exposed to 20% O2 until after the 
zygote stage, then “…most of the 
detrimental effects of 20% oxygen were 
either reduced or absent” (Bavister, 2004). 
In addition, the reason some mouse and 
human embryos do well in a 20% O2 
environment may have a great deal to do 
with the culture media used (Catt and 
Henman, 2000). Culture media that 
contain strong antioxidants such as 
pyruvate and taurine may be able to 
control production of superoxide radicals 
(Liu and Foote, 1995; O’Fallon and Wright, 
1995).  
 
In summary, while there is some evidence 
that 20% O2 in an in vitro culture 
environment is similar to a 5% O2 
environment, data are heavily weighted in 
favor of the lower oxygen level. It is hard 
to argue in favor of a 20% O2 levels when 
1) in vivo O2 levels are low; 2) elevated O2 
levels may be responsible for toxic, 
superoxide radicals; 3) low O2 tension 
produces embryos with higher numbers of 
cells that go on to produce a viable fetus; 
and 4) it appears as though elevated O2 
may negatively alter gene expression. 
Laboratory personnel who do not have 
access to pure nitrogen (N2) to use as a 
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third gas source to lower the O2 tension in 
their triple-gas incubators (O2, CO2, and 
N2), should consider purchasing 
incubators with very low internal volumes 
to which cylinders of mixed gas can be 
attached. 
 
C. Osmolality 
Mammalian embryos can tolerate culture 
media with a wide osmotic range.  While 
there are acceptable media osmotic 
ranges in which to culture embryos, there 
are also optimal osmolality values.  For 
example, mouse embryos will develop in 
media with an osmolality range of 200 to 
354 mOsm, but the optimum is 276 mOsm 
(Brinster, 1965; Brinster, 1969). Others 
have reported similar media osmolality 
ranges for the culture of mouse embryos 
(Davidson et al., 1988a,b).  
 
The osmolality range of media that will 
support embryonic development may be 
cell-stage and quality dependent. Plante 
and coworkers suggested that the higher 
the quality of the embryo, the more 
tolerant the embryo is of a wider range of 
osmolality values (Plante et al., 1986).  
 
 
Currently, commercially manufactured 
media for the culture of human oocytes 
and embryos exhibit different osmolality 
ranges. This difference in range varies 
enough to warrant verification of the 
manufacturer’s reported value before the 
media is used for culture (Table 3; 
Waymouth, 1970). This verification is 
easily accomplished with the use of a 
freezing-point depression osmometer. If 
osmolality of the media is outside of the 
acceptable range, it should be discarded, 
because, like pH, osmolality is a quality 
control check of whether the media was 
manufactured correctly (Gardner, 2005). 
Lane and colleagues also suggested that 
instruments used to formulate media (e.g. 
osmometers, pipettes) should be checked 
and calibrated to insure their accuracy  
(Lane et al., 2008). 
 
 
Once assayed, the osmolality of media 
may still change. If media are stored for an 
extended length of time, the osmolality 
should be reevaluated to insure that 

osmolality-increasing evaporation has not 
occurred. Lane and associates 
demonstrated that if 3.0 mL of culture 
medium was placed in an open petri dish 
and left on a warming stage for 30 
minutes, the loss of water from the 
medium increased it’s osmolality by 5%.  If 
left under the same conditions for 1 hour, 
osmolality increased by 14% (Lane et al., 
2008). 
 
In summary, monitoring of culture media 
osmolality is an effective quality assurance 
indicator. While the osmolality of a 
medium may be acceptable when it is first 
made or purchased, it may change over 
time, especially if the container is 
constantly being opened and closed 
and/or exposed to varying temperatures. 
Therefore, periodic rechecks of culture 
medium osmolality may avert an 
unwanted negative impact on embryo 
quality.  
 
D. Water quality 
Water could be considered the most 
important ingredient in culture media. For 
those not familiar with the history of the 
use of water in culture media, it should be 
noted that scientists did not always use 
the high-quality water found in today’s 
culture media.  In the beginning, 
laboratory personnel used rain water, well 
water, or processed tap water in their 
media.    
 
In time, scientists began to investigate the 
quality of the water used to make culture 
medium. One of the first studies compared 
single, double and triple distilled water for 
media preparation (Whittingham, 1971). In 
this study, Whittingham found that triple-
distilled water was superior to either 
single- or double-distilled water. After this 
report was published, laboratory personnel 
began distilling their water (two times - 
Snyman and Van der Merwe, 1986; three 
times - Condon-Mahony et al., 1985, 
Gaddum-Rosse et al., 1984, Pope et al., 
1982; four times - Jones et al., 1982; five 
times – Trounson et al., 1980, O’Neill et 
al., 1987; and six times - Quinn et al., 
1984) before using it in culture media. 
Fukuda and coworkers made culture 
media with tap, deionized, once distilled, 
three-times distilled and Milli-Q water 
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Table 3: Media osmolality ranges for various cell-stage embryos from various species 
 

 
 
 
(water that has been purified and 
deionized to a high degree by a water 
purification system that is manufactured 
by Millipore Corporation, Billerica, 
Massachusetts, USA). They then cultured 
one-, two- and eight-cell mouse embryos 
and demonstrated an increased hatching 
blastocyst rate with an increase in water 
quality (Fukuda et al., 1987).   
 
Unfortunately, distillation of water alone 
was not the answer, for some toxins still 
remained (Bavister and Andrews, 1988). 
Thus, laboratory personnel needed to look 
for other ways to produce high quality 
water. Ultrafiltration plus various 
procedures to remove inorganic salts and 
organic materials were used. The 
combination of reverse osmosis (RO) and 
ultrafiltration began to be used to provide 
ultrapure water for culture media (Leung et 
al., 1984; Quinn et al., 1985; Cummins, 
1986; Snyman and Van der Merwe, 1986; 
Wiley et al., 1986). While some individuals 
have successfully used bottled water 
designed for high performance liquid 
chromatography (HPLC), there are 
indications that even bottled HPLC water 
may not be advantageous for human 
culture media (Rinehart et al., 1988). In 
cattle, in vitro fertilization was improved 
when water quality was improved from 
tap, to deionized, to twice distilled and 
then to Milli-Q system water. In addition, 
the percent of cattle blastocysts and 

number of cells within blastocysts 
improved when Milli-Q water was used to 
make culture medium. (Nagao et al., 
1995) Similar results were reported with 
three different cell lines cultured in serum-
free media, which was made with either 
tap, single distilled tap, or Milli-Q water 
(Mather et al., 1986).  
 
However, not all researchers agree with 
the need to purify the water used for 
making culture media. Saeki and 
coworkers performed in vitro production of 
cattle gametes and embryos in tap, 
deionized, twice-distilled and Milli-Q water 
and found that the embryos created from 
oocytes fertilized in culture media made 
with these different waters did not differ in 
cleavage or blastocyst rates (Saeki et al., 
1993).  
 
 
Length of time that water is stored in glass 
bottles may have an effect on water 
quality. Percent blastocyst formation was 
enhanced when media was made with 
fresh Milli-Q water rather than one- or two-
week old water (Nagao et al., 1995). It 
was speculated that some water may be 
so pure that it leaches contaminants from 
the bottle in which it is stored (Gabler, 
1984; Fukuda et al., 1987). Because of 
this leaching potential, some laboratories 
used only fresh water for culture media 
(Arny et al., 1987; O’Neill et al., 1987; 
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John and Kiessling, 1988; Jackson and 
Kiessling, 1989).  
 
It is speculated that “seasonal effects” 
noted in pregnancy rates from in vitro 
production in cattle and humans could be 
because of changes in water quality 
(Mather, 1986). A dramatic change in 
rainfall can affect the water table, which, in 
turn, would alter inorganic and organic 
materials located in surrounding wells or 
reservoirs. A higher load of 
microorganisms can occur in tap water 
during certain seasons of the year 
(Gabler, 1984).   
 
Now that laboratory personnel realize the 
need for using high-quality water to make 
culture media, systems capable of 
delivering tissue-culture grade water have 
been developed. In these systems, water 
is pretreated with carbon and reverse 
osmosis before it is passed through a 
carbon cartridge, an ion exchange resin 
cartridge, an organic extraction cartridge 
and a pyrogen-extraction cartridge for 
polishing.  Finally, water is passed through 
a .22 micron filter for sterilization.  
 
Despite all of this attention to purification, 
water for media preparation should be 
further tested for bacterial endotoxins and 
used only if the level is found to be < 1.5 
pg/mL (Nagata et al., 1993), for it has 
been demonstrated that even water 
purification systems can contain bacteria 
(Mazzola et al., 2006). Endotoxins have 
an effect on at least 23 biological systems 
[e.g., cause cytotoxicity, cause bone 
resorption, induce mitogenesis, etc.] 
(HyClone, 1984). Endotoxins can reside in 
tap water at concentrations of 1 to 10 
ng/mL, in RO water at concentrations of 1 
to 2.5 ng/mL, in distilled water at a 
concentration of 1 ng/mL and in deionized 
water at concentrations of 1 to 20 ng/mL 
(HyClone, 1984). It has been 
demonstrated that endotoxins in media at 
a level of 10 endotoxin units per milliliter 
(EU/mL) can reduce embryo cleavage and 
blastocyst development in one-cell mouse 
embryos (Greenlee and Plotka, 1994). 
(The United States Food and Drug 
Administration lists the endotoxin 
reference standard as 10 EU/ng. [Malyala 
and Singh, 2008]) In addition, levels of 50 

µg/mL can inhibit blastocyst development 
in two-cell mouse embryos (Dubin et al., 
1995). Furthermore, endotoxins have 
been linked to decreased pregnancy rates 
in humans (Snyman et al., 1986). 
 
In summary, as quality of water has 
improved, so have in vitro fertilization 
rates, embryo quality and offspring 
production. When media for in vitro 
production is made, it is clear that the 
water used must be of the highest quality 
possible.  
 
E. Oil overlay 
Mineral oil, paraffin oil and silicone oil 
have many uses in in vitro culture 
procedures. Mineral oil and paraffin oil are 
used to overlay culture media to 1) lessen 
the chance for media to evaporate while 
laboratory personnel evaluate the cells 
outside of the incubator; 2) slow heat loss 
from media when removed from an 
incubator; 3) reduce pH shifts while 
outside the incubator; 4) protect culture 
media from outside contaminants; and 5) 
act as a sink to extract harmful elements 
in the culture media. Assets like these 
help explain the increased developmental 
rate of embryos when cultured in vitro 
under oil (McKiernan and Bavister, 1990).  
 
Oils used to overlay culture media 
possess the ability to extract material from 
the media. No two-cell embryos developed 
to the blastocyst stage when exposed to 
adulterated culture media that was not 
overlaid with mineral oil (Miller et al., 
1993). However, when mineral oil covered 
the culture media, 97% of two-cell mouse 
embryos developed to the blastocyst 
stage. Similar reports have been 
published about paraffin oil being a sink 
for progesterone (Shimada et al., 2002), 
testosterone and estradiol (Shimada et al., 
2002) as well as the sedative, Nembutal. 
(Van den Abbeel et al., 1999). 
 
However, there is some research to 
indicate that oil overlays may not be 
advantageous. Scientists indicated that 
oils harbor mold spores and other 
contaminants that inhibit embryo 
development (Fleming et al., 1987; Provo 
and Herr, 1998; Boone and Shapiro, 
1990). Even though mineral oil may pass 
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a mouse embryo test or other bioassay 
and contain few endotoxins, it still can 
contain elements harmful to continued 
development of human embryos. This was 
the finding of Otsuki and associates who 
discovered that the mineral oil they used 
had an elevated peroxide value (POV). 
With elevated POVs came a decrease in 
fertilization, cleavage and blastocyst 
development (Otsuki et al., 2007). Otsuki 
and associates discovered that POVs 
increased in oil when it simply sat on a 
shelf for an extended length of time. They 
had an unopened bottle of oil demonstrate 
POVs after it was stored at room 
temperature for 12 months (Otsuki et al., 
2009).  
 
In order to eliminate contaminants and to 
prevent nutrients from being extracted 
from the media it is supposed to protect, 
scientists saturated (washed) the oil with 
various salt and protein solutions 
(Bavister, 1989; Miller et al., 1993; Borque 
et al., 1996; Van den Abbeel et al., 1999; 
Li et al., 2006). Borque and associates 
tested five different mineral oils after a 
laborious washing process and found that 
when they washed the oil, there was an 
increase in pH of the oils from an average 
of 5.8 to an average of 6.4 and an 
increase in blastocyst rate for one-cell 
mouse embryos cultured with the use of 
the five oils.  The average blastocyst rate 
for all five oils increased from 53% 
(157/297) to 77% (225/293) (Borque et al., 
1996). Li and coworkers also tested five 
different sources of mineral oil that 
included oil from Sigma Chemical 
Company (St. Louis, MO), recycled oil, 
medical grade oil from China and two 
chemical grades of Chinese oil. They 
demonstrated that if they washed the oil, 
regardless of the source, pronuclear 
mouse embryos maintained or increased 
blastocyst developmental rates and that 
these embryos produced larger fetuses 
than did the nonwashed oils (Li et al., 
2006). However, care should be taken 
with washed oil storage as Provo and Herr 
demonstrated that washed paraffin oil was 
toxic to mouse embryos after exposure of 
the oil to sunlight (Provo and Herr, 1998).  
 
In summary, mineral oil, paraffin oil and 
silicone oil serve a useful purpose for in 

vitro culture, especially when laboratory 
personnel culture gametes and embryos in 
small volumes (microdrops) of media. 
However, despite the numerous 
advantages these oils possess for in vitro 
culture, one still has to be mindful of 
possible negative effects that may occur if 
oils carry gamete and/or embryo toxins 
into culture media.   
 
F. Volume 
The volume of culture medium used for in 
vitro production (IVP) appears to vary from 
a few microliters to several milliliters 
(Boone and Shapiro, 1990). Deciding 
which volume to use may be predicated 
on type of culture vessel to be used, 
procedure to be performed or other, more 
practical, aspects (Boone and Johnson, 
1997). For example, ease of manipulating 
gametes and embryos in a petri dish and 
reduced potential for losing an oocyte 
when tube contents are decanted are two 
reasons for favoring petri dishes over 
culture tubes. 
 
While larger volumes of culture medium 
were used in culture vessels such as 
organ culture dishes [2.0 mL (Boone and 
Shapiro, 1990); 3.0 mL (Veeck et al., 
1983)] and culture tubes [1.0 mL (Boone 
and Johnson, 1997)], the current trend is 
towards a much smaller volume such as a 
microdrop [50 µL, or even as small as 1.5 
µL to 2.0 µL (Ali, 2004)]. Use of smaller 
media volumes has been reported to 
provide higher quality embryos (Paria and 
Dey, 1990; Canesco et al., 1992; Lane 
and Gardner, 1992;, Wagner-Coughlin et 
al., 1994; Ali, 2004). 
 
When deciding on the volume of culture 
medium to use for in vitro fertilization, 
laboratory personnel should consider 
sperm density to oocyte ratio and oocyte 
density to medium volume ratio. (See the 
“Group Culture” section for a discussion of 
oocyte density to medium volume ratio.) 
When they investigated the effect of 
varying sperm densities on fertilization of 
human oocytes, Dinnie and coworkers 
demonstrated that the concentration of 
motile sperm played a more significant 
role in fertilization than did total number of 
sperm present (Dinnie et al., 1995).  
Bielfeld and associates reported that even 
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high concentrations of spermatozoa from 
severe male factor patients were not a 
substitute for ICSI (Bielfeld et al., 1996). 
However, laboratory personnel must be 
mindful that increased sperm 
concentrations also run the risk of a 
decreased pH in microdrops (Cunningham 
et al., 1994). These authors stated that the 
decline in pH they measured was caused 
by increased CO2 production from sperm 
metabolism and that this reduction in pH 
could alter oocyte fertilization, embryo 
quality and embryo cleavage.  Conversely, 
Barrett and colleagues demonstrated 
higher oocyte fertilization rates in 
microdrops versus in culture tubes 
regardless of whether patients were male 
factor or not and despite  the fact that the 
tubes contained more sperm than the 
drops (Barrett et al., 1994). 
 
While it would appear from the above data 
that microdrop culture is superior to other 
culture methods, what volume of 
microdrop is best is still in flux. 
Moinipanah and associates described a 
research project in which a higher 
fertilization rate was obtained when a 
smaller microdrop (30 µL) was used as 
compared to a larger microdrop (200 µL). 
(Moinipanah et al., 1994) Similar results 
were reported by Goovaerts and 
associates who compared 20 µL and 500 
µL microdrops (Goovaerts et al., 2009). Ali 
and coworkers went so far as to reduce 
the microdrop volume to 1.5 µL to 2.0 µL. 
Oocytes cultured in these ultra micro-
droplets demonstrated a higher fertilization 
rate, developed faster and generated 
superior quality embryos for transfer than 
did oocytes cultured in 50 µL or 20 µL 
microdrops. Ali and associates cultured up 
to seven to nine oocytes/embryos per ultra 
microdrop (Ali, 2004). They speculated 
that the close proximity to one another 
allowed cells to take advantage of each 
other’s excreted autocrine/paracrine 
growth factors (see the “Group Culture” 
section for more information).  
 
Some scientists speculate that culture 
media may break down in an in vitro 
culture environment. If true, Ali and 
associates suggested that large volumes 
of media would produce more toxins than 
small microdrops and would, therefore, be 

more harmful to oocytes and embryos. 
They further suggest that cumulus cells 
could potentially recycle embryo by-
products, providing a mechanism for 
subsequent reutilization (Ali, 2004).  
 
In summary, the exact volume of media 
necessary to maximize IVP remains 
undetermined. Because of variations in 
types of culture vessels used, ease and 
safety of manipulating oocytes and 
embryos in different media volumes and 
metabolism of the cells in various volumes 
of culture media, standardizing media 
volume may not be feasible.  Currently, 
microdrop culture appears to be superior 
to culture in large volumes of media. As 
culture vessels evolve, media volume may 
have to change to keep pace. 
   
V. ART laboratory associated 
procedures 
A. Oocyte Aspiration – Negative 
Pressure 
An in-depth discussion of the oocyte 
retrieval procedure is beyond the scope of 
this document. Suffice it to say, needles 
used to collect oocytes can be single or 
double lumen and the choice of which to 
use depends upon whether or not the 
follicle from which the oocyte is aspirated 
is to be rinsed after initial aspiration. Light 
exposure and temperature and pH shifts 
are critical and should be considered 
when aspirating follicles. (See previous 
sections of this manuscript that relate to 
these specific topics.) One aspect of an 
oocyte retrieval that plays a significant 
role, and will be discussed here, is the 
negative pressure exerted on the follicle, 
and subsequently the oocyte, during the 
aspiration procedure. With the use of a 
syringe or a vacuum pump, oocytes can 
be aspirated from the ovary (Cohen et al., 
1986; Jackson and Kiessling, 1989). If 
oocytes are removed from the ovary after 
oophorectomy, often a needle attached to 
a syringe is used. This technique is used 
not only for livestock (Kruip et al., 1994), 
but also for humans (Revel et al., 2009). 
However, Scott and associates reported 
that a mechanical vacuum pump applied a 
more even negative pressure than did a 
manual pull on a syringe (Scott et al., 
1994). More oocytes were obtained with 
use of vacuum pressure than with use of a 
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syringe because pressure from the 
vacuum pump could be applied before the 
follicle was punctured and thus, lessen the 
opportunity to lose follicular fluid (Lambert 
et al., 1983).  
 
Regardless of aspiration method, 
laboratory personnel must pay close 
attention to the amount of pressure being 
applied. Too low a suction pressure may 
cause loss of follicular fluid, while too high 
a pressure may cause early collapse of 
the follicle, potential entrapment of the 
oocyte (Scott et al., 1994) and, possibly, 
damage to the oocyte (Lopata et al., 
1974). It also has been reported that as 
pressure increases so does the rate of 
parthenogenesis (50 mm Hg produced 1% 
parthenogenesis versus 5.9% 
parthenogenesis at 100 mm Hg; Muechler 
et al., 1989). 
 
With the use of bovine oocytes obtained 
from an abattoir, Bols and coworkers 
compared the number of oocytes 
aspirated and the aspiration pressure in 
millimeters of mercury (50, 70, 90, 110 
and 130 mm Hg) of three different gauges 
(g) of needles (18, 19 and 21 g).  The 18 g 
needle provided the most oocytes 
regardless of pressure; the higher the 
pressure, the more oocytes were 
recovered with this diameter needle. 
However, regardless of needle diameter, 
as pressure increased, the proportion of 
oocytes surrounded by cumulus 
complexes decreased.  Regardless of 
pressure, thinner needles yielded more 
oocytes with compact cumulus complexes.  
As pressure increased, more naked 
oocytes were recovered regardless of 
needle size and the ratio of blastocysts 
recovered to cumulus-oocyte complexes 
recovered decreased. The authors 
recommended the use of a thin needle 
with moderate vacuum pressure to obtain 
the maximum number of compact cumulus 
complexes (Bols et al., 1996). 
 
Awonuga and associates (Awonuga et al., 
1996) did not find a significant difference 
in oocytes collected, fertilization rate, 
proportion of fractured zonae, cleavage 
rate, implantation rate, or pregnancy rate 
in their patient population when they 
compared 15, 17 and 18 g needles. They, 

however, did find that reducing the size of 
needle reduced the level of pain the 
patient experienced. 
 
Other scientists also investigated different 
levels of aspiration pressure. Olar 
routinely used 100 mm Hg pressure to 
aspirate human oocytes and obtained 
fertilization rates in excess of 80% (Olar, 
1991). Muechler and associates reported 
59%, 27% and 63% in vitro fertilization 
rate when they used 100 mm, 75 mm and 
50 mm Hg pressure, respectively, to 
aspirate human oocytes (Muechler et al., 
1989). Still others applied 600 mm Hg 
pressure to mouse oocytes with no 
alteration in vitro fertilization or 
development to the morula or blastocyst 
stage (Jackson and Kiessling, 1989). 
Kruip and associates used 40 mm Hg to 
50 mm Hg pressure to aspirate oocytes 
from 10 different cows and obtained an 
average of 8.0 ± 0.3 oocytes per 14.5 ± 
0.4 punctures (Kruip et al., 1994). Still 
other scientists reported success when 
they retrieved cattle oocytes with 50 mm 
Hg pressure (Fry et al., 1994), 75 mm Hg 
to 85 mm Hg pressure (Gibbons et al., 
1994), 90 mm Hg to 100 mm Hg pressure 
(Bols et al., 1995) or 100 mm Hg pressure 
(Bungartz et al., 1995).  
 
In summary, laboratory personnel and 
others involved with oocyte aspiration 
must be aware of the negative pressure 
used to perform oocyte retrievals. The 
amount of pressure applied should be 
optimized by each ART program, keeping 
in mind that too low a pressure can result 
in loss of oocytes, while too high a 
pressure can result in damage to oocytes 
and cumulus cells.  
 
B. Embryo Transfer 
The most critical 10 minutes of IVF/ET 
may be the last 10 minutes (Boone et al., 
2001). During this time, 1) a catheter is 
selected; 2) embryo(s) are loaded into the 
catheter; 3) stress level of the embryo(s) 
may be increased if there is a change 
among nutrients (culture medium), pH 
and/or temperature; and 4) there is the 
possibility of a traumatic transfer. 
  
Catheters: Pregnancy rates between two 
or more dissimilar catheters have been 
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compared many times. However, because 
of the small disparity in pregnancy rates 
between or among catheters, most studies 
lacked the power to detect a significant 
difference. For example, when we 
compared Cook transfer catheters to 
Edwards-Wallace transfer catheters, 
pregnancy rates did not differ. We then 
combined our data with two other similar 
reports (Grunert et al., 1998 and Mayer et 
al., 1999a) and still, the collective total of 
catheters (220 Cook catheters and 209 
Edwards-Wallace catheters) was 
insufficient to reach the 1616 patients per 
group needed to detect a significant 
difference, if one existed (Boone et al., 
2001). We, therefore, concluded that 
these catheters were similar. Another, 
more current, study comparing Wallace 
catheters and Cook K-Jet catheters 
substantiated our findings (McIlveen et al., 
2005). 
 
Other comparisons of dissimilar catheters 
have been made. For example, pregnancy 
rates following embryo transfer did not 
differ when open-end catheters were 
compared to closed-end catheters (Leeton 
et al., 1982), when Frydman catheters 
were compared to Wallace catheters (Al-
Shawaf et al., 1993; Urman et al., 2000), 
when Wallace catheters were compared to 
Erlangen metal catheters (Ghazzawi et al., 
1999), when Wallace catheters were 
compared to TDT catheters (De Placido et 
al., 2002), when Frydman catheters were 
compared to TDT catheters (Sallam et al., 
2003) or when we compared Cook World 
catheters versus Edwards-Wallace 
catheters (Rhodes et al., 2007). 
 
 
Conversely, significant differences 
between some catheters have been 
reported. These differences may be 
caused by the rigidity of the catheter. For 
example, results may differ in favor of the 
less-rigid catheters (Cook, Edwards-
Wallace and Frydman) than the more- 
rigid catheters (TDT or Tomcat). 
(Rosenlund et al., 1996; Wood et al., 
2000; McDonald and Norman, 2002; Van 
Weering et al., 2002; Sallam et al., 2003). 
However, Burke and associates 
demonstrated higher pregnancy rates in 
favor of the more rigid Tefcat catheter 

when compared to the softer Wallace 
catheter (Burke et al., 2000).  
 
One theory as to why soft catheters are 
associated with higher pregnancy rates is 
that these catheters create less trauma to 
the endometrial lining of the uterus and 
therefore, less blood and fewer uterine 
contractions are noted during embryo 
transfers (Van Weering et al., 2002). 
However, Gonen and associates reported 
less endometrial trauma and a higher 
pregnancy rate when a more rigid catheter 
was used (Gonen et al., 1991).  
 
A “mock” transfer should precede each 
embryo transfer performed.  This “mock” 
procedure provides vital information to 
providers regarding which type of catheter 
to use for the actual embryo transfer. Soft 
catheters may be superior in 
straightforward transfers, but for more 
difficult transfers (more tortuous cervices), 
rigid catheters with “memory” may be 
needed to successfully navigate the cervix 
(Rhodes et al., 2005). Regardless of the 
type of catheter chosen, an atraumatic 
embryo transfer may be a key element in 
a successful IVF/ET outcome. We 
demonstrated that the amount of blood 
retained on catheters post-transfer was 
directly proportional to quality of embryo 
transfers and pregnancy rates (Rhodes et 
al., 2005). 
 
Scientists have reported differences in 
pregnancy rates between “easy” and 
“difficult” transfers (Wisanto et al., 1989; 
Mansour et al., 1990; Gonen et al., 1991; 
Visser et al., 1993; Ghazzawi et al., 1999; 
De Placido et al., 2002; Spandorfer et al., 
2003). The rationale for higher pregnancy 
rates following “easy” transfers is that 
these transfers produce less endometrial 
trauma as measured by the amount of 
blood and mucus on the catheter after 
transfer than do “difficult” transfers 
(Wisanto et al., 1989; Goudas et al., 1998; 
Ghazzawi et al., 1999; Sallam et al., 2003; 
Rhodes et al., 2005). However, others 
reported that blood on or in the catheter 
was not related to pregnancy rates 
(Meriano et al., 2000; De Placido et al., 
2002; Van Weering et al., 2002; Sallam et 
al., 2003; Spandorfer et al., 2003). Murray 
and associates used direct hysteroscopic 
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visualization of endometrial integrity 
immediately after an embryo transfer and 
found there was no clear association 
between perceived difficulty of transfer 
and amount of endometrial damage 
(Murray et al., 2003). 
 
Differences in pregnancy rates between or 
among dissimilar catheters may be 
attributed to factors other than catheters. 
For example, while some say site of 
embryo deposition is not important 
(Rosenlund et al., 1996), other 
researchers disagree. Pope and 
associates and Coroleu and coworkers 
reported that patients whose embryos 
were deposited at least 1.0 cm from the 
fundus had a higher pregnancy rate than 
did those patients who had their embryos 
placed closer to the top of the uterus 
(Coroleu et al., 2002; Pope et al., 2004). 
Still others suggested that depositing all 
embryos at a fixed-distance of 6 cm from 
the external os increased pregnancy rates 
(van de Pas et al., 2003). Frankfurter and 
associates suggested that the transfer 
point (the point of embryo transfer 
normalized to the length of the 
endometrial cavity) was more critical than 
the actual distance from the fundus 
(Frankfurter et al., 2003).  
 
Ultrasound Guidance: Some scientists 
state that, without ultrasound guidance, 
the true location of the catheter and the 
depth at which embryos are deposited 
cannot be determined (Coroleu et al., 
2002). However, even in a prospective, 
randomized comparison between 
ultrasound guided transfers and “clinical 
touch” transfers, pregnancy success rates 
did not differ (Al-Shawaf et al., 1993; 
Karande et al., 2002). However, not all 
agree with these findings. Wood and 
associates reported that, if ultrasound 
guidance was used in combination with a 
soft catheter, pregnancy rates were 
significantly higher than when a rigid 
catheter was used for the embryo transfer 
(Wood et al., 2000).  
 
Transfer Techniques: Differences in 
IVF/ET pregnancy rates have been noted 
between providers in the same clinic. Hill 
and coworkers reported that, in an ART 
laboratory shared by 17 physicians, 

clinical pregnancy rates ranged from 22% 
to 64% with an average of 43.1%. After 
reviewing variable parameters (stimulation 
protocols, oocyte retrieval times post-hCG, 
anesthesia), it was concluded that the 
differences in pregnancy rates were, most 
likely, due to variability in transfer 
technique between clinicians (Hill, 2001b).  
Likewise, Waterstone and associates 
reported a significant difference in IVF/ET 
pregnancy rates between two physicians 
(46% versus 24%) and concluded that the 
only factor that could explain the 
difference in pregnancy rate per transfer 
was a systematic difference in the transfer 
techniques of the physicians (Waterstone 
et al., 1991). Hearns-Stokes also reported 
a significant difference in IVF/ET clinical 
pregnancy rates (CPR) between 10 
physicians performing embryo transfers.  
While the average CPR per transfer for all 
10 providers was 46.0%, one provider’s 
CPR after performing 47 transfers was 
17% and a second provider’s CPR after 
performing 57 transfers was 54.3% 
(Hearns-Stokes et al., 2000). Differences 
in CPR per transfer may be related to 
embryo transfer experience. It has been 
demonstrated that 35 embryo transfers 
were needed to be sufficiently trained in 
this procedure (Papageorgiou et al., 
2000). Furthermore, differences may be 
caused by how much the cervical canal is 
rinsed before embryo transfer (Sallam et 
al., 2000) or by variability in where 
physicians deposit embryos in the uterus 
(van de Pas et al., 2003). 
 
In summary, even though the embryo 
transfer portion of IVP, in vitro fertilization, 
embryo culture and embryo transfer) takes 
the least time, it may be the most difficult 
to standardize because of variables. 
Differences arise among catheter design, 
deposition of embryos in reference to 
uterine anatomy, variability of cervical and 
uterine anatomy and, very importantly, 
experience and technique of the provider.  
 
 
VI. Contact materials 
A. History of culture devices 
In the early years of human in vitro 
fertilization, laboratory personnel often 
mimicked the procedures, equipment and 
supplies used by the leaders in the 
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industry. Therefore, the Falcon 3037 petri 
dish became a widely used dish for 
gamete and embryo culture. This dish is 
60 mm in diameter and features a center 
well surrounded by an outer “moat.”  
Culture medium and gametes or embryos 
are placed into the center well and, since 
no oil overlay is used, media is also added 
to the outer moat to help maintain RH and 
reduce media evaporation.  
 
Scientists discovered that petri dishes 
could utilize a simple open design as long 
as culture medium was overlaid with oil to 
prevent evaporation (Tanphaichitr et al., 
1993). When Van den Bergh and 
coworkers used the mouse embryo 
bioassay to compare Nunc petri dishes 
(Thermo Fisher Scientific, Rochester, NY) 
to Falcon 3001 petri dishes (Becton 
Dickinson Labware, Franklin, NJ), they 
found that the percentage of two-cell 
mouse embryos that developed to the 
blastocyst stage was similar for the two 
types of dishes. Likewise, they found no 
differences between fertilization rates, 
cleavage rates, or embryo scoring for 
human oocytes and embryos exposed to 
these two types of petri dishes (Van den 
Bergh et al., 1999). 
 
To determine whether they would support 
embryo development, other culture 
devices also were tested. Boone and 
Shapiro compared Falcon 3047 multiwell 
plates to Falcon 1008, 3001 and 3002 
petri dishes, Falcon 3037 organ culture 
dishes, Falcon 2003 culture tubes and De 
Lee mucus traps.   They reported that 
similar percentages of two-cell mouse 
embryos developed to the blastocyst 
stage in all devices tested (Boone and 
Shapiro, 1990). Boone and Johnson 
compared Falcon 2003 test tubes that 
contained 1.0 mL of Human Tubal Fluid 
(HTF; Irvine Scientific, Santa Ana, CA) to 
Falcon 3002 petri dishes that contained a 
50 µL drop of HTF overlaid with oil and 
found they did not differ between 
polyploidy rate, fertilization rate, or stage 
and grade of cultured human oocytes and 
embryos (Boone and Johnson, 1997). 
 
Scientists discovered cohabitation of 
embryos improved development (see the 
“Group Culture” section for more 

information). It was speculated that group 
culture enhanced the effects of autocrine 
and paracrine factors on oocytes and 
embryos. With group culture, however, 
laboratory personnel lost the ability to 
identify and track individual oocytes and 
embryos. To allow  the positive effects of 
group culture while maintaining the identity 
of individual embryos, another type of petri 
dish (the Corral dish; www.Sun-IVF.com) 
with posts placed in an “+” pattern was 
introduced (Cohen, 2006).  
 
Scientists have also developed petri 
dishes with wells that have sloped walls. 
With these dishes, oocytes and embryos 
move to the lowest central point of the 
culture well. Embryologists are able to 
locate the cells significantly faster in these 
dishes than when oocytes and embryos 
are cultured in micro-drop systems 
reducing the amount of time these cells 
remain outside incubators (Cohen, 2006).  
 
Vajta and associates created depressions 
in the bottom of a plastic petri dish with an 
aggregation needle to form wells within 
the well (called Well-of-the-Well [WOW]). 
These WOW dishes supported better 
development of parthenogenetically-
activated porcine oocytes and in-vivo-
derived mouse zygotes. In addition, a 
greater percentage of fertilized human 
oocytes developed to the blastocyst stage 
when cultured in these dishes rather than 
microdrops (Vajta et al., 2008).  
 
Currently, all open dish culture systems 
described above possess the same 
drawback; gametes and embryos remain 
confined in their own waste products 
unless transferred into fresh medium. 
However, even this drawback has been 
addressed via the new concept of 
microfluidics, where cells are constantly 
bathed in new culture media (Swain et al., 
2009). 
 
In summary, many different types of 
vessels have been used for in vitro culture 
of oocytes and embryos. The primary 
vessel of choice remains the petri dish, but 
even this vessel has changed to reflect 
advances in culture technology.  Current 
petri dishes may be plain or may have 
posts or depression wells to separate 
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embryos while allowing embryo “cross-
talk.” However, as scientific knowledge in 
the ART field increases, devices used to in 
vitro produce embryos may undergo a 
radical change.  
 
B. Cleaning and sterilization 
Cleaning: Even in today’s world of 
disposables, there are still supplies that 
need cleaning before use. Nehchiri and 
associates demonstrated that a thorough 
prewashing of the glass tubing they used 
to manufacture ICSI needles significantly 
improved their fertilization rates (P = .004) 
when compared to tubing that was not 
prewashed (75.7% [256/338] versus 
65.7% [238/362]) (Nehchiri et al., 1997).  
 
Many reports have indicated the need to 
rinse sterilized materials before use. 
McDowell and coworkers demonstrated 
that even after needles and laparoscope 
barrels were cleaned, toxic elements still 
existed (McDowell et al., 1988). Quinn and 
associates demonstrated that when 
Tomcat catheters and fine oocyte 
denuding pipettes were rinsed twice with 
culture medium, more one-cell mouse 
embryos developed to the blastocyst 
stage (Quinn et al., 1984). Bavister and 
Andrews and Wells and coworkers 
reported toxicity issues with micropore 
filters. However, both groups of scientists 
stated that toxicity could be removed if 
sufficient fluid was passed through the 
filter before use (Bavister and Andrews, 
1988; Wells et al., 1988).  
 
Exactly how and what constitutes rinsing 
is still unclear. Whittingham states that if 
glassware is used, it should be soaked in 
7X soap solution (Linbro 7X detergent, 
Flow Laboratories, Rockville, MD), 
followed by five thorough rinses in tap 
water, followed by an additional three 
complete rinses in distilled water of culture 
media quality (Whittingham, 1971). 
Conversely, Schiewe and coworkers 
(Schiewe et al., 1990) asserted that after 
reusable instruments were soaked in 7X 
solution, they should be rinsed in five to 
seven changes of deionized water 
followed by three to five changes of 
distilled or purified water.  They advocated 
avoidance of tap water for rinsing all items 
that have contact with medium or embryos 

because heavy metals in tap water bind to 
glass resolutely and can only be removed 
via acid washing (Schiewe et al., 1990). 
 
Steam Sterilization: Steam under pressure 
generated by an autoclave can be used to 
sterilize glass and stainless steel 
equipment. We autoclave glass pipets at 
135oC and 207 to 228 kPa, for 30 minutes 
followed by a 60 minute drying cycle. 
(Barnstead Steam Sterilizer, Model 
C57835, Barnstead/Thermolyne 
Corporation, Dubuque, IA) We could, 
perhaps, shorten the length of the 
sterilizing cycle, but want to feel confident 
that steam is reaching all items in the 
autoclave chamber for the appropriate 
amount of time to ensure sterilization.  
Many sizes of paper/plastic-combination 
sterilizing pouches are available that 
accommodate most small items to be 
autoclaved.  The paper side of these 
pouches contains an indicator strip that 
darkens when exposed to steam to 
provide visual confirmation of sterilization.  
Larger items can be wrapped in cloth or 
paper drape material and sealed with 
autoclave tape which also darkens upon 
steam exposure. 
 
Dry heat sterilization: Dry heat can also be 
used to sterilize glassware and stainless 
steel items. Schiewe and coworkers 
recommend that drying ovens be set at 
150oC.  Items can be considered sterile 
after exposure to this temperature for 1 
hour (Schiewe et al., 1990).   
 
Gas sterilization: In the early days of IVP, 
ethylene oxide (EtO) was the most 
common way to sterilize heat-sensitive 
materials. However, EtO sterilization 
leaves a residue of ethylene glycol that is 
highly toxic to cells (Sapatino, 1981) and 
this residue requires as long as 3 months 
to completely off-gas (Schiewe et al., 
1990). This could result in potentially toxic 
effects if supplies sterilized in this manner 
are not sufficiently aerated before use 
(Andersen, 1973; Holyoak et al., 1995). 
However, the length of aeration necessary 
before contact material is safe to use 
varies with the material sterilized and the 
temperature at which aeration takes place 
(Schiewe et al., 1990). For example, EtO 
can be rinsed from syringe filters if 
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sufficient filtrate is passed through before 
use (Harrison, 1997). 
 
 
Gamma Irradiation: For the most part, 
sterilization via gamma irradiation now has 
replaced EtO. According to Schiewe and 
coworkers (Schiewe et al., 1990), the 
reason for the switch from EtO to gamma 
irradiation is because the latter does not 
leave toxic residues.  
In summary, sterilization of materials that 
contact culture medium and gametes and 
embryos should not be overlooked. 
Improperly sterilized items or items not 
sufficiently aerated or rinsed prior to use 
can sabotage IVP efforts.  
 
C. Toxicity testing 
Mouse embryo bioassay: Over the years, 
different methods have been used to 
assess the toxicity of contact materials 
(Bavister and Andrews, 1988; Davidson et 
al., 1988a; Critchlow et al., 1989, 
Fleetham et al., 1993), but the technique 
of choice remains the mouse embryo 
bioassay (MEB). It is considered the “gold 
standard” by many (Davidson et al., 
1988a; Fleetham et al., 1993; Hershlag et 
al., 2003). This is not to imply that the 
MEB is the best way to evaluate the 
toxicity potential of contact materials; it 
simply is the most popular method among 
laboratory personnel. 
  
In the 1980s, investigators established a 
prerequisite for MEBs; the control 
embryos used in the bioassay had to 
undergo a minimum of two cell divisions. 
Scientists theorized that the first cell 
division might be “preprogrammed” and a 
second cell division should occur in the 
test environment. Two cell divisions meant 
the culture medium most likely did not 
contain high concentrations of toxins (Lee 
et al., 1988).  As bioassay techniques have 
improved, the starting and ending points 
have been expanded upon to enhance the 
sensitivity of the bioassay. Starting points 
for the MEB now include in vitro 
fertilization (Gianfortoni et al., 1987; Han 
and Kiessling, 1988; Jackson and 
Kiessling, 1989) one-cell mouse 
embryos,(Quinn et al., 1984; Quinn et al., 
1985; Ogawa and Marrs, 1987; Ogawa et 
al., 1987; Davidson et al., 1988a,b; John 

and Kiessling, 1988; Lavy et al., 1988) 
zona-free mouse zygotes (Fleming et al., 
1987) and two-cell mouse embryos. 
(Dandekar and Quigley, 1984, McDowell 
et al., 1988). The end point of the MEB is 
generally the development of mouse 
embryos to the blastocyst stage, the 
number of hatching/hatched blastocysts 
(Dandekar and Quigley, 1984; Gianaroli et 
al.,  1986; Schneider, 1986; Jinno et al., 
1987; Ogawa and Marrs, 1987; Ogawa et 
al., 1987; Ball and Aaker, 1989) 
blastomere cell numbers (Scott et al., 
1993; Gardner et al., 1997), number of 
developing fetuses (Caro and Trounson, 
1984; Arny et al., 1987; Han and 
Kiessling, 1988) or live pups. (Mahadevan 
et al., 1986; Whitten and Biggers, 1968). 
 
The two-cell MEB’s lack of sensitivity is 
often reported. (Quinn et al., 1984; 
Davidson et al., 1988a,b; Han and 
Kiessling, 1988; John and Kiessling, 
1988).  Boone and Shapiro compared the 
two-cell MEB to the one-cell MEB 
performed with and without cumulus cells. 
While 91.3 ± 2.6% (mean ± S.E.) of two-
cell mouse embryos developed to 
blastocysts, only 68.6 ± 2.8 % of one-cell 
mouse embryos with cumulus developed 
to blastocysts and only 34.9 ± .4% of one-
cell embryos without cumulus developed 
to the blastocyst stage (Boone and 
Shapiro, 1990).  
 
Fleetham and coworkers improved 
sensitivity of the two-cell MEB if they 
harvested zygotes and only used those 
embryos that advanced to the two-cell 
stage in vitro in the bioassay. In addition, 
they demonstrated that two-cell mouse 
embryos from CD1 or B6CBA/F1J strains 
of mice were unable to distinguish 
between culture media made with tap 
water, with water made via RO and Milli-Q 
purification or with water made via RO 
alone. However, if they removed zona 
pellucidae (ZP) from B6CBA/F1J embryos 
after they reached the two-cell stage, 
sensitivity of the bioassay was improved. 
Unfortunately, a downside to ZP removal 
was the “stickiness” of the embryos 
(Fleetham et al., 1993). 
 
While some scientists reported that the 
one-cell MEB was more sensitive than the 
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two-cell MEB (Davidson et al., 1988a,b), 
others reported that one-cell mouse 
embryos often failed to divide to the two-
cell stage. When this occurred, zygotes 
that did not divide were not included in the 
results (Sauer et al., 1991). This 
decreased the creditability of the bioassay 
(Quinn et al., 1984; Ogawa and Marrs, 
1987; Ogawa et al., 1987; Davidson et al., 
1988a,b). In defense of the one-cell MEB, 
scientists that excluded nondividing 
zygotes from their results thought that 
perhaps one-cell embryos were not 
zygotes, but rather unfertilized oocytes. A 
two pronuclear check would have helped 
to delineate the difference between the 
two (Nagy et al., 2003).   
 
While the strain of mice used can alter 
sensitivity of the MEB, the ideal strain has 
yet to be determined (Whitten and 
Biggers, 1968; Parkening and Chang, 
1976a,b; Niwa et al., 1980; Loutradis et 
al., 1987; Jackson and Kiessling, 1990). 
Perhaps the best strain of mice is the one 
that is easiest to maintain, provides a high 
yield of embryos when superovulated, is 
not prone to infections and for which new 
stock can readily be obtained. Before 
laboratory personnel select a strain of 
mice, they should familiarize themselves 
with the work by Byers and coworkers 
(Byers, et al., 2006) that compared 10 
strains of mice and found that, when 
superovulated, the different mouse strains 
produced varying amounts of oocytes. 
Furthermore, they demonstrated that 
different mouse strains varied in 
fertilization potential, pup potential and 
even viability after cryopreservation. 
(Byers et al., 2006). Whichever mouse 
strain is selected, it should be used in all 
experiments if comparisons among 
experiments are to be made.    
 
The two-cell block (the inability of embryos 
to divide from the one-cell to the two-cell 
stage) is a developmental block in the 
cleaving embryos of several mammalian 
species (Boone and Shapiro, 1990; Quinn 
and Margalit, 1996; Bertheussen and 
Hentemann, 2001; Mortimer et al., 2002).  
Chemicals, such as hypoxanthine, can 
block mouse embryos from advancing to 
the two-cell stage (Loutradis et al., 1987).  
Scientists also discovered that the use of 

embryos from outbred strains of mice, 
such as the CD1 and the CF1, in the MEB 
was also a contributing factor. Changes in 
composition of culture media that 
eliminated glucose and inorganic 
phosphate, and included EDTA and 
glutamine, enabled embryos from outbred 
strains of mice to reach the blastocyst 
stage in vitro (Barnett and Bavister, 1996; 
Bertheussen and Hentemann, 2001; 
Quinn and Margalit, 1996).  
 
The two-cell block for certain strains of 
mice may be the most widely known, but 
hamster oocytes exhibit a similar block.  It 
has been demonstrated that these cell 
stage blocks are initiated by a change in 
the genome that alters requirements for 
continued development.  In mice, it is a 
shift in carbohydrate metabolism; in 
hamsters, it occurs when CO2 exposure 
shifts from approximately 5% to 
approximately 10% (Carney and Bavister, 
1987). It appears as though this increase 
in CO2 allows the embryo to maintain its 
internal pH; thus, CO2 levels may control 
cell-stage blocks. 
 
Various aspects of the MEB, aside from 
embryo cell stage and the mouse strain 
used, can be altered to improve sensitivity 
of this test.  These include 1) the number 
of embryos commingled in culture, 2) the 
volume of medium used for embryo 
culture and 3) the removal of protein from 
the media.  
 
 
Sensitivity of the MEB may be controlled 
by the number of embryos that are 
commingled per volume of culture 
medium. According to Wright and 
coworkers, embryo development rate was 
directly related to the number of two-cell 
mouse embryos (one to 10) cultured in 3 
µL of Whitten’s medium. An increase in 
number of two-cell embryos above 10 did 
not enhance the developmental rate 
(Wright et al., 1978).  These findings were 
confirmed by some (Wiley et al., 1986) 
disagreed with by others. Reed and 
coworkers reported that the commingling 
of one or 15 one-cell mouse embryos per 
1 µL of modified BMOC3 culture medium 
did not alter the percentage of blastocysts 
produced (Reed et al., 1989).  
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Another variable that may affect the 
sensitivity of the MEB is the volume of 
medium in which embryos are cultured. 
Fleming and coworkers demonstrated that 
early cell stage mouse embryos 
developed to blastocysts at a higher rate 
in 50 µL drops of medium (51.3%) than in 
10 µL drops of medium (27.0%) (Fleming 
et al., 1987).   
 
Chemicals added to culture media can 
alter the sensitivity of the MEB; when 
embryos are cultured in media void of 
protein, the sensitivity of the bioassay 
increases (Fleetham et al., 1993; Van den 
Abbeell et al., 1999).   Conversely, other 
chemical additives, such as EDTA, and 
other chemicals not in media but used in 
the bioassay, such as mineral oil, can 
mask toxins and decrease bioassay 
sensitivity (Van den Abbeell et al., 1999). 
 
Unfortunately, even when a procedure 
such as the MEB is performed similarly by 
different researchers, scientists do not 
always agree on the usefulness of the 
results obtained. FitzGerald and 
coworkers demonstrated that, in their 
laboratory, a pronuclear MEB worked well 
to effectively detect toxins in culture media 
made with low-quality water (FitzGerald et 
al., 1992). Hyllner and associates also 
found the MEB beneficial to detect toxicity 
of media made with tap water and media 
made with a dilute solution (1:5000) of a 
common detergent (Hyllner et al., 1998). 
However, George and coworkers 
demonstrated that, in their laboratory, the 
MEB was of little value for detection of 
water toxicity potential (George et al., 
1989). Fleetham and associates also were 
unable to detect the toxicity of culture 
media made with tap water using this 
bioassay (Fleetham et al., 1993). 
 
As useful as the MEB may be, it is fraught 
with problems (Fleetham et al., 1993). It 
has been theorized that the differences 
between mice and humans are too great 
to allow the bioassay to provide 
meaningful results (Blandau, 1980; 
McDowell et al., 1988; Weiss et al., 1992; 
Winston and Johnson, 1992; Legro et al., 
1995; Li et al., 2001). Clarke and 
associates compared the one-cell MEB to 
results from human IVF procedures and 

found no relationship between mouse 
embryo development and mean number of 
cells or degree of fragmentation of human 
embryos. Furthermore, they found no 
correlation between mouse blastocyst 
formation and sera from pregnant and 
nonpregnant IVF patients (Clarke et al., 
1995). Also, Legro and associates and Li 
and associates did not find any correlation 
between the results of routine two-cell 
MEBs and human IVF success (Legro et 
al., 1995; Li et al., 2001). Winston and 
Johnson reported that the two-cell mouse 
model was not appropriate to study 
cellular dysfunction in early human 
development (Winston and Johnson, 
1992). 
 
Sperm viability bioassays: Because of the 
above listed limitations to the MEB, sperm 
viability bioassays (SVB) were developed. 
Unfortunately, human sperm appear to be 
less sensitive to toxic materials than 
mouse embryos (Esterhuizen et al., 1994).  
Because of this lack of sensitivity, rodent 
spermatozoa were used. The hamster 
SVB has been developed and is purported 
to be more sensitive, easier to use, more 
defined, less time consuming and more 
economical than the MEB (Esterhuizen et 
al., 1994). Despite this, Esterhuizen and 
colleagues use a mouse SVB because of 
the higher sperm motility index of this 
bioassay compared to the hamster SVB.   
 
Sperm viability bioassays have been 
compared to the MEB to determine which 
bioassay can better detect toxicity. When 
Rinehart and associates compared three 
mouse bioassay methods (IVF, one-cell 
and two-cell embryos), they found the 
three bioassays failed to detect a 
difference in three types of water (Milli-Q, 
HPLC grade and tap) used to prepare 
media. However, the hamster SVB was 
able to discriminate among the water 
sources (Milli-Q sperm survival > HPLC 
sperm survival > tap sperm survival) 
(Rinehart et al., 1988). Gorrill and 
colleagues also compared the hamster 
SVB to the one-cell and two-cell MEB. 
They reported that the hamster SVB was a 
more sensitive test, could be performed 
within 6 hours compared to 3 to 4 days 
required for the MEB and was less 
expensive to perform (Gorrill et al., 1991). 
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The human SVB was developed in 1989 
to be a reliable and less expensive 
bioassay for toxicity testing (Critchlow et 
al., 1989).  Because of the reported 
negative effects of protein on sperm 
motility (Fleetham et al., 1993, Van den 
Abbeell et al., 1999), the bioassay 
procedure has since been modified to 
exclude the addition of a protein source in 
media used in the bioassay. It has been 
further modified by Iemmolo and 
associates to use neat semen instead of 
washed sperm and the time required to 
detect toxins has decreased to 6 hours or 
less (Iemmolo et al., 2005). (The original 
bioassay [Critchlow et al., 1989] required 
four days).  
 
Comparison of the Efficacy of the Mouse 
Embryo Bioassay and Sperm Viability 
Bioassays: In 1996, the American 
Association of Bioanalysis (AAB) began to 
offer proficiency testing. Two years later, 
Quinn and associates reported that 
laboratory personnel could correctly 
identify adulterated and non-adulterated 
specimens supplemented with protein with 
a sensitivity and specificity of > 90%. This 
was true for the one-cell and two-cell 
MEBs as well as two SVBs (human sperm 
and hamster sperm). However, the 
sensitivity of the SVBs fell to 73% when 
protein was not added to the media (Quinn 
et al., 1998). The number of laboratories 
that reported results to the AAB 
Proficiency Testing Service and the 
specific bioassays performed can be seen 
in Table 4. 
 
In addition to the AAB comparison 
discussed above, other scientists have 
attempted to compare MEBs and SVBs to 
determine which bioassay was most 
sensitive. Burkman and associates 
compared the human SVB, the hamster 
SVB and the one-cell MEB, and although 
they found them to be highly correlated, 
they reported the one-cell MEB was the 
most sensitive (Burkman et al., 1991) 
Conversely, Miller and coworkers 
compared the MEB to the human SVB and 
found that the sperm bioassay was the 
more sensitive of the two (Miller et al., 
2001). Weiss and coworkers examined the 
literature and concluded that the MEB was 
only useful to detect gross toxicity, but 

should not be used to routinely test culture 
media (Weiss et al., 1992). Gorrill and 
coworkers demonstrated that the hamster 
SVB  outperformed  the  one-cell  and two- 
cell MEB (Gorrill et al., 1991). Similarly, 
Dudkiewicz and associates demonstrated 
that the human SVB was more sensitive 
than the two-cell MEB for detecting toxins 
in culture media (Dudkiewicz et al., 1994). 
 
Development of Alternative Bioassays: 
Scientists have used various tissue culture 
cell  lines  in  bioassays  to test for toxicity.  
Chinese   hamster    ovary   cells,   human 
fibroblast cells, human amniotic fluid cells 
(Ray et al., 1987), mouse hybridoma cells 
(Bertheussen et al., 1989) and human 
luteinized-granulosa cells (Prien et al., 
1998) have been successfully used to 
detect toxins in culture media. Prien and 
associates suggested that human 
luteinized-granulosa cells might be a 
useful tool to test media used in ART 
programs (Prien et al., 1998). However, 
cell culture lines have limited comparative 
data (Boone and Shapiro, 1990). Also, if 
these cells are not embryonic cells, they 
may not detect embryotoxins. Tissue 
culture cell lines may have very different 
metabolic and culture requirements than 
embryos and, therefore, would not provide 
a valid test of the suitability of embryo 
culture media (Gardner et al., 2005) 
Hamster SVBs are also unacceptable 
because of their inability to detect 
embryotoxins (Gardner et al., 2005). 
 
Byproducts of embryo metabolism, 
excreted into culture media, can be used 
to evaluate the viability and, possibly, 
implantation potential of embryos 
(Houghton et al., 2002; Brison et al., 2004; 
Sakkas and Gardner 2005; Scott et al., 
2006; Lopes et al., 2007; Scott et al., 
2007; Seli et al., 2007; Seli et al., 2008). 
Why not use the quantification of these 
same biomarkers as a bioassay to 
determine the percentage of embryos in 
your laboratory that develop at an 
acceptable rate? If embryo metabolism 
slows, as detected by a lessening of these 
byproducts, you would then have reason 
to believe that the culture environment has 
been altered. This alteration could be 
external (air quality, gas mixture, 
temperature, relative humidity, etc.), within 
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the culture media (pH, osmolality, 
chemical composition, etc.), or caused by 
toxins excreted into the culture media.  
 
In summary, the need for careful attention 
to all materials that may contact gametes 
and embryos must not be overlooked. 
Choice of culture vessel and the bioassay 
used for toxicity testing play a central role 
in the success or failure of IVP efforts. 
Despite all of the debate, the MEB has 
evolved to be the “gold standard” bioassay 
for quality control in ART laboratories 
(Hershlag and Feng, 2005). This bioassay 
has also been suggested as the bioassay 
of choice by the United States Food and 
Drug Administration for testing of medical 
devices and culture media used in the field 
of ART (Hyllner et al., 1998). However, 
scientists have used, and continue to use, 
other bioassays as well. Therefore, each 
laboratory should select the bioassay best 
suited their needs and modify it to 
optimize sensitivity and specificity for their 
particular culture environment (Table 5).   
 
 
VII. Group culture 
The literature is rife with reports that 
indicate group culture of embryos is 
superior to individual culture in terms of  

 
 
 
 
cell stage, total number of embryos 
reaching a specific cell stage, number of 
blastomeres within a blastocyst, quality of 
embryos or metabolomic values (Wiley et 
al., 1986; Paria and Dey, 1990; Canseco 
et al., 1992; Lane and Gardner, 1992; 
Gardner et al., 1994; Salahuddin et al., 
1995; O’Neill, 1998; Gil et al., 2003). For 
example, Wright and associates 
demonstrated that more mouse embryos 
developed to the blastocyst stage when 
cultured in groups of 10, as opposed to 
being cultured singly or in groups of three. 
Whether a culture group contained 10 or 
30 embryos did not alter percentage of 
embryos that hatched. (Wright et al., 
1978) Salahuddin and associates not only 
agreed with these general findings, but 
also discovered that group culture 
shortened time required for hatching and 
increased the number of cells per 
blastocyst (Salahuddin et al., 1995). 
 
 
This improved development with group 
culture has led scientists to theorize that 
embryos produce autocrine and paracrine 
factors that alter their own development as 
well as development of other embryos 
confined together within a small space. 
This confined space and the shared 

Table 4. Number of laboratories that reported results to the American 
Association of Bioanalysis Proficiency Testing Service and the specific 
bioassays performed. 

Year Shipment 
Number 

One-Cell 
Mouse 

Bioassay 

Two-Cell 
Mouse 

Bioassay 

Human 
Sperm 

Bioassay 

Hamster Sperm 
Bioassay 

2004 1 47 146 111 2 
 2 53 142 116 1 

2005 1 53 155 115 1 
 2 57 141 127 2 

2006 1 67 147 113 1 
 2 62 152 128 4 

2007 1 65 144 129 2 
 2 62 141 138 1 

2008 1 62 142 142 2 
 2 65 134 138 0 

2009 1 67 140 140 0 
 2 57 125 143 0 

Mean - 60 143 127 1 
% of Total - 18 

(717/3982) 
43 

(1709/3982) 
39 

(1540/3982) 
< 1  

(16/3982) 
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nutritional environment allows these 
suspected paracrine factors to move 
among and between embryos; this back 
and forth movement is called “cross talk” 
(Stokes et al., 2005). 
 
There may be value in not replacing 
culture media on a daily basis as is 
practiced by some laboratory personnel. In 
a summary of his work, Ali indicated that 
when media is not changed daily, human 
embryos have the opportunity to 
concentrate and localize beneficial 
autocrine factors (Ali, 2004). Fujita and 
associates demonstrated similar findings 
using cattle embryos (Fujita et al., 2006). 
 
However, not all studies indicate that 
group culture is productive. When 
comparing patients whose embryos were 
group cultured versus patients whose 
embryos were cultured individually, 
Spyropoulou and colleagues reported that 
implantation rates and pregnancy 
outcomes did not differ.  Furthermore, 
group culture may potentially have a 
negative effect on outcome (Spyropoulou, 
et al., 1999). When culturing mouse 
embryos, Salahuddin and coworkers 
found that unfertilized, degenerating 
oocytes placed in the same drop as 
normal embryos, impaired development 
rates of the normal embryos (Salahuddin 
et al., 1995). Duarte de Oliveira and 
coworkers reported that as bovine embryo 
density in a 100 µL drop of culture 
medium increased from five to 30, embryo 
cleavage rates and blastocyst 
development rates declined.  Furthermore, 
when they analyzed gene expression by 
using semi-quantitative reverse 
transcription polymerase chain reaction, 
results indicated differences in the pattern 
of expression of the Hsp 70.1 gene 
between distinct stages of embryo 
development and embryo density. These 
dissimilarities appeared to be associated 
with compromised development at higher 
embryo densities (Duarte de Oliveira et 
al., 2005). 
  
While biological reasons for group culture 
may exist, other factors should be 
considered before laboratory personnel 
place all of a patient’s oocytes or embryos 
in one culture vessel. For example, 

accidental spillage should be a major 
concern.  
 
If a patient has few oocytes or embryos,  
they should be divided into at least two 
culture vessels. This way, in the event that 
one vessel is dropped, all oocytes or 
embryos will not be lost. In addition, 
temperature and pH shifts become a 
concern once these cells are removed 
from the incubator and are exposed to the 
outside environment. The longer 
laboratory personnel keep a culture vessel 
out of the incubator to observe or 
manipulate numerous oocytes or embryos, 
the more dramatic the shift in temperature. 
 
If a patient has few oocytes or embryos, 
they should be divided into at least two 
culture vessels. This way, in the event that 
one vessel is dropped, all oocytes or 
embryos will not be lost. In addition, 
temperature and pH shifts become a 
concern once these cells are removed 
from the incubator and are exposed to the 
outside environment. The longer 
laboratory personnel keep a culture vessel 
out of the incubator to observe or 
manipulate numerous oocytes or embryos, 
the more dramatic the shift in temperature 
and pH may become. Cohen has 
recommended no more than three to five 
human embryos be placed in one culture 
vessel (Cohen, 2007). 
 
In summary, although it appears group 
culture has its place in IVP culture of 
embryos individually cannot be 
abandoned. When so many phenotypic 
and, potentially, metabolomic events are 
tracked in order to identify embryos with a 
high potential to develop into a fetus, 
laboratory personnel will still, on many 
occasions,  need to be able to identify, 
with assurance, performance of individual 
embryos.  
 
VIII. Semen evaluation 
We often think of QC/QA as it relates to 
the embryology laboratory, but we should 
not forget that these same processes for 
evaluation of accuracy and precision also 
are necessary for semen evaluation. The 
semen evaluation procedure most 
commonly performed is the semen 
analysis. Unfortunately, the semen 
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Table 5. Toxicity testing of contact materials used in assisted reproductive technology. 
 

Item Manufacture
r 

Model          
Number Test Method Results Reference 

Artificial vagina, 
rubber and plastic NG* NG Bull sperm Decrease in sperm motility 

Flick and Merilan, 
1988 

 

Artificial vagina,  
rubber and latex  NG NG Bull and boar 

semen 
Alteration of sperm kinematics;   more 

prominent with boar semen 
 

Beseth, 1962 

Blood-transfusion 
kit 

Warsaw, 
Poland Polmedic 

Bull spermatozoa, 
human embryonic 
cells, L929mose 

cells, chick 
embryonic cells, 

human 
erythrocytes 

 

Some cell shape changes in embryonic 
cells, mouse cells, and chick cells, 10-
20% necrotic cells in spermatozoa and 

no toxicity in erythrocytes 
Paluch et al., 1980 

Bulb, rubber 
Stomil, 

Kraków, 
Poland 

 
NG Bull spermatozoa Toxic within 60 min Zabojszcz et al., 1980 

Bulb, rubber 
Stomil, 

Kraków, 
Poland 

 
NG Human normal 

fibroblasts Toxic Zabojszcz et al., 1980 

Capillary tubing, 
glass 

Drummond 
Scientific 
Company, 

Broomall, PA 

5 and 10 µL 
calibrated 
capillaries 

Mouse zygotes 

No rinsing with culture media produced 
17% blastocyst rate; rinsing with culture 
medium produced 25% blastocyst rate; 
soaking in 3% HCl for 24 hours, rinsed, 
and soaked in filtered water for 24 hr 

produced 85% blastocyst rate 

Thouas et al., 2000 

Carrier, transfer NG NG Two-cell mouse 
embryos 

100% (8/8) developed to morula or 
blastocyst; 95% (57/60) for controls 

 
McDowell et al., 1988 

Catheter Franklin 
Medical 

PVC (plastic) 
portion of 

catheter only  

Chinese hamster 
ovary cells or 

human fibroblast 
cells 

 

No reduction in colony numbers Ray et al., 1987 

Catheter Franklin 
Medical 

 Rubber 
balloon 

portion of 
catheter only  

Chinese hamster 
ovary cells or 

human fibroblast 
cells 

 

Reduced colony numbers Ray et al., 1987 

Catheter, embryo 
transfer 

Laboratoire 
CCD, Paris, 

France 
 

Frydman Two-cell mouse 
embryos 83% blastocyst rate Parinaud et al., 1987 

Catheter, embryo 
transfer 

Rocket of 
London, 
Watford, 
England 

 

Intrauterine 
Transfer Set 

Craft 
Two-cell mouse 

embryos 87% blastocyst rate Parinaud et al., 1987 

Catheter, embryo 
transfer 

Laboratoire 
CCD, Paris, 

France 
Catheter TDT Two-cell mouse 

embryos 0% blastocyst rate Parinaud et al., 1987 

Catheter, embryo 
transfer NG NG Two-cell mouse 

embryos 
89% (89/100) developed to morula or 
blastocyst; 95% (57/60) for controls McDowell et al., 1988 
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Catheter, rubber NG Bardco-Matic 
 

Chinese hamster 
ovary cells or 

human fibroblast 
cells 

Reduced colony numbers Ray et al., 1987 

Catheter, rubber NG Bard 
 

Chinese hamster 
ovary cells or 

human fibroblast 
cells 

Reduced colony numbers Ray et al., 1987 

Catheter, rubber Dow Corning 
 

Silastic 
catheter 

Chinese hamster 
ovary cells or 

human fibroblast 
cells 

Reduced colony numbers Ray et al., 1987 

Catheter, rubber Warne 
 

Paediatric 
catheter 

Chinese hamster 
ovary cells or 

human fibroblast 
cells 

Reduced colony numbers Ray et al., 1987 

Dish, organ culture  

Becton-
Dickinson, 
Rutherford, 

NJ 
 

Falcon 3037  Hamster embryos 
3% of one-cell embryos became 

morulae and blastocysts whereas 
embryo development in controls was 

40% 
Kito et al., 1997 

Dish, organ culture  

Becton-
Dickinson, 
Rutherford, 

NJ  
 

Falcon 3037 Two-cell mouse 
embryos 

85% of embryos developed to hatching 
blastocysts 

Sokoloski and Wolf, 
1984 

Dish, petri 

Becton-
Dickinson, 
Rutherford, 

NJ  
 

Falcon 3001 Two-cell mouse 
embryos 

84%  of embryos developed to hatching 
blastocysts 

Sokoloski and Wolf, 
1984 

Dish, petri 

Becton-
Dickinson, 
Rutherford, 

NJ  
 

Falcon 1008 Two-cell mouse 
embryos 

81% blastocyst development ; 94% 
development for controls  

Boone and Shapiro, 
1990 

Dish, petri 

Becton-
Dickinson, 
Rutherford, 

NJ  
 

Falcon 3001 Two-cell mouse 
embryos 

92% blastocyst development; 94% 
development for controls  

Boone and Shapiro, 
1990 

Dish, petri 

Becton-
Dickinson, 
Rutherford, 

NJ  
 

Falcon 3037 Two-cell mouse 
embryos 

84% blastocyst development; 94% 
development for controls 

Boone and Shapiro, 
1990 

Dish, petri 

Becton-
Dickinson, 
Rutherford, 

NJ  
 

Falcon 3037 Two-cell mouse 
embryos 

85% blastocyst development; 94% 
development for controls 

Boone and Shapiro, 
1990 

Dish, petri  

Becton-
Dickinson, 
Rutherford, 

NJ and Nunc 
A/S, 

Roskilde, 
Denmark 

 

Falcon 3001 
and  

Nunc 153066 
Mouse zygotes Implantation rates were not different 

between the two types of dishes 
Van den Bergh et al., 

1999 

 Dish, petri and 
Plate, 4-well  

Nunclon, 
Denmark NG In vitro produced 

bovine embryos 
Significantly better blastocyst formation 
in wells (19.9%) versus plates (9.7%) 

 
Lu et al., 1999 
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Drain, PVC  NG NG Bovine 
spermatozoa 

Control sperm had motility for 90 min 
while sperm exposed to PVC lost 

motility by 70 min 
Knasiak-Paluch, 1980 

 
Drain, rubber  

 
Odry, Prague 

 
Optimit 

 
Rat spermatozoa 

 
Toxic reaction 

 
Stránská et al., 1981 

 

Drain, silicon 
rubber  NG NG Bovine 

spermatozoa 
Control sperm had motility for 90 min 
while sperm exposed to silicon rubber 

lost motility by 60 min 
Knasiak-Paluch, 1980 

Drain, technical 
rubber  NG NG Bovine 

spermatozoa 
Control sperm had motility for 90 min 

while sperm exposed to technical 
rubber lost motility by 30 min 

Knasiak-Paluch, 1980 

Filter, syringe 

Pall 
Corporation 
(previously 

Gelman), Ann 
Arbor, MI 

 

4192 Human sperm 
motility 

Acceptable sperm motility after 
overnight exposure to filtered media Outer et al., 1994 

Filter, syringe 

Krackeler 
Scientific, 

Inc., Albany, 
NY 

 

Schleichter 
and Schuell 
#62440 (1st 

lot) 

Human sperm 
motility 

Significant reduction in sperm motility 
after overnight exposure to filtered 

media 
Outer et al., 1994 

Filter, syringe 

Pall 
Corporation 
(previously 

Gelman), Ann 
Arbor, MI 

 

GF #F305962 Human sperm 
motility 

Significant reduction in  sperm motility 
after overnight exposure to filtered 

media 
Outer et al., 1994 

Filter, syringe 

Krackeler 
Scientific, 

Inc., Albany, 
NY 

 

Schleichter 
and Schuell 
#62440 (2nd 

lot) 

Human sperm 
motility 

Significant reduction in sperm motility 
after overnight exposure to filtered 

media 
Outer et al., 1994 

Foil, polyester  
 

Institute of 
Industrial 

Chemistry, 
Warsaw, 
Poland 

NG 

Bull spermatozoa, 
human embryonic 
cells, L929mouse 

cells, chick 
embryonic cells, 

human 
erythrocytes 

No toxic effect on any of the five cell 
types Paluch et al., 1980 

Foil, polyethylene  

Institute of 
Industrial 

Chemistry, 
Warsaw, 
Poland 

NG 

Bull spermatozoa, 
human embryonic 
cells, L929mouse 

cells, chick 
embryonic cells, 

human 
erythrocytes 

No toxic effect on any of the five cell 
types Paluch et al., 1980 

Foil, PVC  
 

Institute of 
Industrial 

Chemistry, 
Warsaw, 
Poland 

267 PK 

Bull spermatozoa, 
human embryonic 
cells, L929mouse 

cells, chick 
embryonic cells, 

human 
erythrocytes 

Some cell shape changes in embryonic 
cells, mouse cells, and chick cells and 
10-20% necrotic cells in spermatozoa 

and erythrocytes 
Paluch et al., 1980 

Foil, PVC  
 (used in urological 

containers) 

Institute of 
Industrial 

Chemistry, 
Warsaw, 
Poland 

NG 

Bull spermatozoa, 
human embryonic 
cells, L929mouse 

cells, chick 
embryonic cells, 

human 
erythrocytes 

At least 20-50% necrotic cells in all five 
cell types Paluch et al., 1980 
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Gel, ultrasound  
Technicare, 
Lewistown, 

PA 
 

Echotrack Human semen Complete absence of activity within 30 
min of exposure Schwimer et al., 1984 

Gel, ultrasound  

Parker 
Laboratories, 
Inc., Orange, 

NJ 
 

Polysonic 
Lotion Human semen Complete absence of activity within 30 

min  of exposure Schwimer et al., 1984 

Gel, ultrasound  

Parker 
Laboratories, 
Inc., Orange, 

NJ 
 

Aquasonic 
100 Human semen Complete absence of activity within 30 

min of exposure Schwimer et al., 1984 

Gel, ultrasound  

Parker 
Laboratories, 
Inc., Orange, 

NJ 
 

Scan 
Ultrasound 

Gel 
Human semen Complete absence of activity within 30 

min  of exposure Schwimer et al., 1984 

Gel, ultrasound  

Pharmaceuti-
cal 

Innovations, 
Inc., Newark, 

NJ 
 

Ultra/Phonic 
Conductivity 

Gel 
Human semen Complete absence of activity within 30 

min of exposure Schwimer et al., 1984 

Gel, ultrasound  

Pharmaceuti-
cal 

Innovations, 
Inc., Newark, 

NJ 
 

Ultra/Phonic 
SG Scanning 

Gel 
Human semen Complete absence of activity within 30 

min of exposure Schwimer et al., 1984 

Gel, ultrasound  

Johnson & 
Johnson 
Products, 
Inc., New 

Brunswick, 
NJ 

 

K-Y 
Lubricating 

Jelly 
Human semen Complete absence of activity within 30 

min of exposure Schwimer et al., 1984 

Gel, ultrasound  
Biometrix, 
Jerusalem, 

Israel 
 

NG Human semen Significant decline in motility after 15 
min; due mainly to loss of viability Shimonovitz et al., 1994 

Gel, ultrasound  Save-Scan NG Mouse zygotes 
Reduced cleavage rate, high 

degeneration rate, no blastocysts at 96 
hr 

Van der Auwega and 
D’Hooghe, 1998 

Glove 

Spectrum 
Gloves, 

Parke and 
Davis Co., 
Sandy, UT 

 

Deseret 
Regular 

Two-cell mouse 
embryos 

No rinse: 92.9% of embryos developed 
to the morula or blastocyst stage 
Water rinse: 88.9% of embryos 

developed to the morula or blastocyst 
stage 

Ackerman et al., 1985 

Glove 

Spectrum 
Gloves, 

Parke and 
Davis Co., 
Sandy, UT 

 

Deseret Talc 
Free surgical 

gloves 
Two-cell mouse 

embryos 

No rinse: 45.5% of embryos developed 
to the morula or blastocyst stage 
Water rinse: 80.0% of embryos 

developed to the morula or blastocyst 
stage 

Ackerman et al., 1985 

Glove NG NG Two-cell mouse 
embryos 

6.6% (9/137) developed to blastocysts if 
media exposed to glove, 56.1% 
(110/196) if glove rinsed before 

exposure to media, 89.9% (258/287) if 
no exposure to gloves 

Kruger et al., 1985 
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Glove Deseret Eudermic, 
washed 

Two-cell mouse 
embryos 

100% (35/35) developed to morula or 
blastocyst; 98% (39/40) for controls 

 
McDowell et al., 1988 

Glove Deseret Eudermic, not 
washed 

Two-cell mouse 
embryos 

100% (34/34) developed to morula or 
blastocyst; 98% (39/40) for controls 

 
McDowell et al., 1988 

Glove Spectra Spectra, talc-
free, washed 

Two-cell mouse 
embryos 

85% (30/35) developed to morula or 
blastocyst; 90% (27/30) for controls 

 
McDowell et al., 1988 

Glove Spectra 
Spectra, talc-

free, not 
washed 

Two-cell mouse 
embryos 

69% (24/35) developed to morula or 
blastocyst; 90% (27/30) for controls 

 
McDowell et al., 1988 

Glove Surgikos Inc, 
Arlington, TX 

Micro-touch,  
talc-coated 

Two-cell mouse 
embryos 

Progressively more toxic with increased 
time (1-120 min) in culture media 

 
Naz et al., 1986 

Glove 
Seamless, 

Wallingford, 
CT 

 

Talcfree, 
starch coated  

Two-cell mouse 
embryos 

Progressively more toxic with increased 
time (1-120 min) in culture media Naz et al., 1986 

Glove 

World 
Medical 

Supply Inc, 
San Jose, CA 

 

Pristine, 
uncoated, 

latex  
Two-cell mouse 

embryos 
Not significantly different from controls 
even with increased time (1-120 min) in 

culture media 
Naz et al., 1986 

Glove N-Dex nitrile, 
powder-free NG Human sperm 

motility bioassay Decrease in sperm motility 
Lawrence and Léveillé, 

1999 
 

Glove Curity latex, 
powdered NG Human sperm 

motility bioassay Decrease in sperm motility 
Lawrence and Léveillé, 

1999 
 

Glove 

Gammex 
latex, 

powdered, 
prerinsed with 

water 
 

NG Human sperm 
motility bioassay Decrease in sperm motility Lawrence and Léveillé, 

1999 

Gloves, latex NG NG 
Human polyploid 

zygotes 
 

0% developed to the blastocyst stage Mayer et al., 1991 

Glove, latex NG NG Boar sperm Reduced kinematics 
Awda and Buhr, 2008 

 
 

Glove, non-
powdered 

Fuji Latex, 
San Jose, CA Pristine One-cell mouse 

embryos 
51.9% blastocyst development ; 65.6% 

development for controls  
 

Francis, et al., 1992 

Glove, non-
powdered 

Ansell, Inc., 
Bothan, AL Ansell One-cell mouse 

embryos 
0% blastocyst development ; 65.6% 

development for controls 
  

Francis, et al., 1992 

Glove, non-
powdered 

James River 
Corp., 

Greenville, 
SC 

 

Bio-Gel One-cell mouse 
embryos 

0% progression to two-cell stage, 0% 
blastocyst development ; 65.6% 

development for controls  
Francis, et al., 1992 

Glove, rubber (with 
and without rinsing) 

Brown Milled 
Surgeon’s 

Glove 
NG Human polyploid 

zygotes 
30% to 40% developed to the blastocyst 

stage; no different than controls 
 

Mayer et al., 1991 

Instrument sterilizer 
Cidex, 

Surgikos, 
Arlington, TX 

NG* One- and two-cell 
mouse embryos 

1:10,000 dilution of Cidex was toxic to 
1-cell and 2-cell embryos, 1:100,000 

only toxic to 1-cell embryos 
 

Davidson et al., 1988 

Instrument sterilizer Glove, non- NG Two-cell mouse Embryos exposed to instruments Ackerman et al., 1985 
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powdered embryos sterilized in Cidex had 0% viability 
unless instruments were rinsed with 

water 

Instrument sterilizer Ethylene 
oxide NG Two-cell mouse 

embryos 

100% embryo development if 
instruments packaged in Vis-U-All Peel 

Packs, but less development if 
packaged in Nest Protector Foam 

Packs 

Ackerman et al., 1985 

Liner material, 
polyurethane NG NG Two-cell mouse 

embryos 

Exposed for 13-15 hr or continuously 
throughout culture: 20% (8/40) of 

embryos developed to the morula or 
blastocyst stage 

Ackerman et al., 1985 

Liner material, 
silicone NG NG Two-cell mouse 

embryos 

Exposed for 13-15 hr or continuously 
throughout culture: 90% (65/72) of 

embryos developed to the morula or 
blastocyst stage 

Ackerman et al., 1985 

Liner material, 
teflon NG NG Two-cell mouse 

embryos 

Exposed for 13-15 hr or continuously 
throughout culture: 70% (57/82) of 

embryos developed to the morula or 
blastocyst stage 

Ackerman et al., 1985 

Lubricant NG 

H-R Jelly, 
KY Jelly, 
Lubifax, 

Surgilube, 
Ortho-Gynol, 

α-Keri, 
Keri Lotion, 
pHisohex, 
Skin lotion, 

(Searle) 

Human 
spermatozoa 

0 to 1+ motility after 15 min and 0 
motility after 2 hr 

(0 is no motility, 4+ represents original 
motility) 

Goldenberg and White, 
1975 

Lubricant NG 

Vegetable oil, 
Olive oil, 

Safflower oil, 
Peanut oil, 
Petroleum 

jelly 
(Vaseline), 
Glycerin 

Human 
spermatozoa 

2+ to 3+ motility after 15 min and 2+ to 
4+ after 2 hr 

(0 is no motility, 4+ represents original 
motility) 

Goldenberg and White, 
1975 

Lubricant 
Astro-Lube 
Inc, North 

Hollywood, 
CA 

Astroglide Human 
spermatozoa 

0% motility and 0% viability after 60 min 
Control: 68% motility and 72% viability Kutteh et al., 1996 

Lubricant 
Johnson & 
Johnson, 

Skillman, NH 
K-Y Jelly Human 

spermatozoa 
0% motility and 62% viability after 60 
min Control: 68% motility and 72% 

viability 
Kutteh et al., 1996 

Lubricant 
Parke-Davis, 
Morris Plains, 

NJ 
Replens Human 

spermatozoa 
0% motility and 0% viability after 60 min 
Control: 68% motility and 72% viability Kutteh et al., 1996 

Lubricant 
Schmid 

Laboratories 
Division, 

Sarasota, FL 
Touch Human 

spermatozoa 
10% motility and 68% viability after 60 

min Control: 68% motility and 72% 
viability 

Kutteh et al., 1996 

Lubricant 

 Procter & 
Gamble, 

Cincinnati, 
OH 

 

Crisco canola 
oil 

Human 
spermatozoa 

70% motility and 70% viability after 60 
min Control: 68% motility and 72% 

viability 
Kutteh et al., 1996 

Lubricant 
Bella Sales 
Co., Tampa, 

FL 
 

Extra virgin 
olive oil 

Human 
spermatozoa 

42% motility and 70% viability after 60 
min Control: 68% motility and 72% 

viability 
Kutteh et al., 1996 

Lubricant INGfertility, Pré Lubricant Bull sperm Blastocyst rate not altered Wright, 2009 
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Valleyford, 
WA 

exposed to 
lubricant and then 

used to fertilize 
oocytes. 

Lubricant 
Marco 
D’Polo, 

Ingleburn, 
NSW, AU 

FertilityCare 

Bull sperm 
exposed to 

lubricant and then 
used to fertilize 

oocytes. 

Blastocyst rate declined Wright, 2009 

Lubricant Sepal, 
Boston, MA 

ConceiveEas
e 

Bull sperm 
exposed to 

lubricant and then 
used to fertilize 

oocytes. 

Blastocyst rate declined Wright, 2009 

Lubricant 

Lake 
Consumer 
Products, 

Inc., Jackson, 
WI 

PREConceive 
plus 

Bull sperm 
exposed to 

lubricant and then 
used to fertilize 

oocytes. 

Blastocyst rate declined Wright, 2009 

Lubricants NG 
Clear Image, 

K-Y Jelly, 
Astroglide, 
Vasoline 

Human (?) sperm 
motility bioassay 

In order of increasing toxicity (reduced 
kinematics):  1) Clear Image, 2) K-Y 

Jelly, 
3) Astroglide, and 4) Vasoline 

Pomeroy et al., 1997 

Lubricant for 
artificial vaginas 

Mission 
Pharmacal 

Co, San 
Antonio, TX 

Maxilube 
personal 
lubricant 

Bovine 
spermatozoa 10 min exposure: nontoxic Froman and Amann, 

1983 

Lubricant for 
artificial vaginas 

Holland-
Rantos Co., 

Inc., 
Piscataway, 

NJ 

H-R sterile 
lubricating 

jelly 
Bovine 

spermatozoa 10 min exposure: nontoxic Froman and Amann, 
1983 

Lubricant for 
artificial vaginas 

Johnson & 
Johnson Co, 

New 
Brunswick, 

NJ 

K-Y 
lubricating 

jelly, 
nonsterile 

Bovine 
spermatozoa 10 min exposure: nontoxic Froman and Amann, 

1983 

Lubricant for 
artificial vaginas 

Johnson & 
Johnson Co, 

New 
Brunswick, 

NJ 

K-Y 
lubricating 
jelly, sterile 

Bovine 
spermatozoa 10 min exposure: toxic Froman and Amann, 

1983 

Lubricant for 
artificial vaginas 

Mission 
Pharmacal 

Co, San 
Antonio, TX 

Maxilube 
personal 
lubricant 

Canine 
spermatozoa 10 min exposure: toxic Froman and Amann, 

1983 

Lubricant for 
artificial vaginas 

Holland-
Rantos Co., 

Inc., 
Piscataway, 

NJ 

H-R sterile 
lubricating 

jelly 
Canine 

spermatozoa 10 min exposure: nontoxic Froman and Amann, 
1983 

Lubricant for 
artificial vaginas 

Johnson & 
Johnson Co, 

New 
Brunswick, 

NJ 

K-Y 
lubricating 

jelly, 
nonsterile 

Canine 
spermatozoa 10 min exposure: nontoxic Froman and Amann, 

1983 

Lubricant for 
artificial vaginas 

Johnson & 
Johnson Co, 

New 
Brunswick, 

NJ 

K-Y 
lubricating 
jelly, sterile 

Canine 
spermatozoa 10 min exposure: nontoxic Froman and Amann, 

1983 

Lubricant for Mission Maxilube Equine 10 min exposure: slightly toxic Froman and Amann, 
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artificial vaginas Pharmacal 
Co, San 

Antonio, TX 

personal 
lubricant 

spermatozoa 1983 

Lubricant for 
artificial vaginas 

Holland-
Rantos Co., 

Inc., 
Piscataway, 

NJ 

H-R sterile 
lubricating 

jelly 
Equine 

spermatozoa 10 min exposure: nontoxic Froman and Amann, 
1983 

Lubricant for 
artificial vaginas 

Johnson & 
Johnson Co, 

New 
Brunswick, 

NJ 

K-Y 
lubricating 

jelly, 
nonsterile 

Equine 
spermatozoa 10 min exposure: slightly toxic Froman and Amann, 

1983 

Lubricant for 
artificial vaginas 

Johnson & 
Johnson Co, 

New 
Brunswick, 

NJ 

K-Y 
lubricating 
jelly, sterile 

Equine 
spermatozoa 10 min exposure: slightly toxic Froman and Amann, 

1983 

Lubricant for 
artificial vaginas 

Personal 
Product 

Company, 
Division of 

McNeil-PPC 
Inc., Skillman, 

NJ 

K-Y Jelly Stallion sperm Reduced sperm kinematics after 24 hr Limone et al., 2002 

Lubricant for 
artificial vaginas 

Carter 
Products, 
Division of 

Carter-
Wallace Inc., 

NY 

HR 
Lubricating 

Jelly 
Stallion sperm Reduced sperm kinematics after 24 hr Limone et al., 2002 

Lubricant for 
artificial vaginas 

First Priority 
Inc., Elgin, IL 

Priority Care 
Non-

Spermicidal 
Sterile 

Lubricating 
Jelly 

Stallion sperm Reduced sperm kinematics after 24 hr Limone et al., 2002 

Mucus trap Argyle, St. 
Louis, MO DeLee Two-cell mouse 

embryos 
100% (15/15) developed to morula or 

blastocyst; 95%(57/60) for controls McDowell et al., 1988 

Mucus trap Argyle, St. 
Louis, MO  DeLee Two-cell mouse 

embryos 
85% blastocyst development; 94% 

development for controls 
Boone and Shapiro, 

1990 

Oil, culture 

Sterop, 
Paraffinum 
Liquidum, 
N.V. PHN-

Apr. L. 
Eykerman, 
Brussels, 
Belgium 

Paraffin oil Mouse zygotes No influence on cleavage rate or 
blastocyst rate 

Van der Auwega and 
D’Hooghe, 1998 

Pen, felt-tipped NG NG One- or two-cell 
mouse embryos 

Black ink had no effect on blastocyst 
development rate, but red ink 

decreased blastocyst development rate 
to 0% 

Gong and Dubin, 1998 

Pipet, insemination  NG NG 

Bull spermatozoa, 
human embryonic 
cells, L929mose 

cells, chick 
embryonic cells, 

human 
erythrocytes 

 

At least 20-50% necrotic cells in four of 
the  cell types (not erythrocytes) Paluch et al., 1980 

Plate, Microtest Becton- Falcon 3034 Two-cell mouse 61%  of embryos developed to hatching Sokoloski and Wolf, 
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culture  Dickinson, 
Rutherford, 

NJ  

embryos blastocysts 1984 

Plunger, syringe, 
rubber  

Monoject, St. 
Louis, MO 

20 mL 
syringe Equine semen 

Significant decline in sperm motility 
within 60 min 

 
Broussard et al., 1993 

Polyethylene 
Svit, Brno, 

Prague 
 

Granoten Rat spermatozoa Nontoxic reaction Stránská et al., 1981 

Polyamide 
Kohinoor, 
Dalečin, 
Prague 

Silamid Rat spermatozoa Toxic reaction Stránská et al., 1981 

Povidone-iodine, 
1% 

Allegiance 
Healthcare 

Corp., 
McGraw 
Park, IL 

Betadine 
solution Mouse zygotes Development arrested even when 

diluted 1:100,000 Hershlag et al., 2003 

Probe cover, 
ultrasound 

Swemed Lab 
International 

AB, V. 
Frolunda, 
Sweden 

No. 4571 Human sperm Decreased sperm motility Haines et al., 1994 

Probe cover, 
ultrasound  

Fabri-Cell 
International, 

Ltd., 
Auckland, 

New Zealand 

Med-X Human sperm Decreased sperm motility Haines et al., 1994 

Probe cover, 
ultrasound  

CIVCO 
Medical 

Instruments 
Co. Inc., Iowa 

NG Human sperm Decreased sperm motility Haines et al., 1994 

Probe cover, 
ultrasound  

Aloka Co. 
Ltd., Tokyo 

 
RB-945BP Human sperm Decreased sperm motility Haines et al., 1994 

Probe cover, 
ultrasound  

Dongkuk 
Techco 
Rubber 

Industries, 
Kedah, 

Malaysia 

Protex  latex 
rubber 

condom 
Human sperm Decreased sperm motility Haines et al., 1994 

Probe cover, 
ultrasound  

International 
Medical 

Products, 
Zutphen, the 
Netherlands 

Ultra-Cover Mouse zygotes 
Reduced cleavage rate, high 

degeneration rate, no blastocysts at 96 
hr 

Van der Auwera and 
D’Hooghe, 1998 

Probe cover, 
ultrasound  

Amedic, 
Sollentunan, 

Sweden 
Save-Scan Mouse zygotes 

Reduced cleavage rate, high 
degeneration rate, no blastocysts at 96 

hr 
Van der Auwera and 

D’Hooghe, 1998 

Probe cover, 
ultrasound  

Jemaco, 
Herent, 
Belgium 

Polyethylene 
bag Mouse zygotes No influence on cleavage rate or 

blastocyst rate 
Van der Auwega and 

D’Hooghe, 1998 

PVC Odry, Prague Optimit Rat spermatozoa Toxic reaction Stránská et al., 1981 
 

Seal, teflon, used in 
the food industry NG NG 

Bull spermatozoa, 
human embryonic 
cells, L929mose 

cells, chick 
embryonic cells, 

human 
erythrocytes 

No toxic effect on any of the five cell 
types Paluch et al., 1980 

Sperm Nutrient Milex Pro-ception Human semen Complete absence of activity within 30 Schwimer et al., 1984 
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Douche Products, 
Inc., Chicago, 

IL 

min of exposure 

Stopper, rubber 
Pharma 
Gummil, 
Poland 

4408 Bull spermatozoa Toxic within 60 min Zabojszcz et al., 1980 

Stopper, rubber  
Pharma 
Gummil, 
Poland 

4408 Guppy fish Toxic within 4 hr Zabojszcz et al., 1980 

Stopper, rubber  
Pharma 
Gummil, 
Poland 

4408 Human normal 
fibroblasts Nontoxic Zabojszcz et al., 1980 

Stopper, rubber  
Stomil, 

Kraków, 
Poland 

NG Bull spermatozoa Toxic within 60 min Zabojszcz et al., 1980 

Stopper, rubber  
Stomil, 

Kraków, 
Poland 

NG Guppy fish Toxic within 4 hr Zabojszcz et al., 1980 

Stopper, rubber  
Stomil, 

Kraków, 
Poland 

NG Human normal 
fibroblasts Toxic Zabojszcz et al., 1980 

Stopper, rubber  
Stomil, 

Kraków, 
Poland 

NG Guppy fish Toxic within 4 hr Zabojszcz et al., 1980 

Syringe 
Monoject, 
Sherwood 

Medical, St. 
Louis, MO 

20 cc Day 6 and 7 cattle 
embryos 

Culture media held in syringe for 3 hr: 
38% (33/85) of embryos hatched 
compared to 57% (47/83) for the 

controls 
Bondioli and Hill, 1986 

Syringe 
Air-Tite, 
Virginia 

Beach, VA** 
10 cc and 30 

cc 
Day 6 and 7 cattle 

embryos 

Culture media held in syringe for 3 hr: 
80% (53/66) of embryos hatched 
compared to 80% (51/64) for the 

controls 
Bondioli and Hill, 1986 

Syringe 
Air-Tite, 
Virginia 

Beach, VA 
NG Two-cell mouse 

embryo 
40% blastocyst development; 94% 

development for controls 
Boone and Shapiro, 

1990 

Syringe 
Becton-

Dickinson, 
Rutherford, 

NJ 
NG Two-cell mouse 

embryos 
26% blastocyst development; 94% 

development for controls 
Boone and Shapiro, 

1990 

Syringe Fortuna NG Two-cell mouse 
embryos 

55% blastocyst development; 94% 
development for controls 

Boone and Shapiro, 
1990 

Syringe Monoject St. 
Louis, MO NG Two-cell mouse 

embryos 
61% blastocyst development; 94% 

development for controls 
Boone and Shapiro, 

1990 
Syringe Gillette Sabre Cell culture of 

amniotic fluid Poor cell attachment Howell et al., 1983 

Syringe 
Air-Tite, 
Virginia 

Beach, VA 
 

1, 10 and 50 
to 60 mL 

Two-cell mouse 
embryos No significant reduction in cleavage Johnson and Hodgen, 

1991 

Syringe 
Becton-

Dickinson, 
Rutherford, 

NJ 

1, 10 and 50 
to 60 mL 

Two-cell mouse 
embryos Significant reduction in cleavage Johnson and Hodgen, 

1991 

Syringe 
Monoject, St. 

Louis, MO 
 

35 mL Two- and four-cell 
monkey embryos No significant reduction in cleavage Johnson and Hodgen, 

1991 

Syringe 
Air-Tite, 
Virginia 

Beach, VA 
 

50 mL Two-and four-cell 
monkey embryos No significant reduction in cleavage Johnson and Howell, 

1991 

Syringe Becton- 60 mL Two- and four-cell Significant reduction in cleavage Johnson and Howell, 
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Dickinson, 
Rutherford, 

NJ 

monkey embryos 1991 

Syringe Monoject, St. 
Louis, MO 35 mL 

Cell culture of 
amniotic fluid 

 
Poor cell attachment Ledbeter et al., 1982 

Syringe tip, rubber 
Hawkeye 

Medical, Iowa 
City, IA 

6 mL 
Monoject 

Four- to 16-cell 
mouse embryos 

Significant decrease in morula 
development Lee et al., 1988 

Tube, culture 
Becton-

Dickinson, 
Rutherford, 

NJ  
Falcon 2003 Two-cell mouse 

embryos 
88% blastocyst development; 94% 

development for controls 
Boone and Shapiro, 

1990 

Tube, polyethylene  NG NG Bull spermatozoa Nontoxic 
 

Zabojszcz et al., 1980 
 

Tube, polyethylene  NG NG Guppy fish Nontoxic 
 

Zabojszcz et al., 1980 
 

Tube, polyethylene  NG NG Human normal 
fibroblasts Nontoxic Zabojszcz et al., 1980 

Tube, 
polyvinylchloride  NG NG Bull spermatozoa Nontoxic Zabojszcz et al., 1980 

Tube, 
polyvinylchloride  NG NG Guppy fish Nontoxic Zabojszcz et al., 1980 

Tube, 
polyvinylchloride  NG NG Human normal 

fibroblasts Nontoxic Zabojszcz et al., 1980 

Tubing Dow Corning, 
Midland, MI Silastic Four- to 16-cell 

mouse embryos 
No significant decrease in blastocyst 

rate 
 

Lee et al., 1988 

Tubing Fisher, 
Chicago, IL Tygon Four- to 16-cell 

mouse embryos 
No significant decrease in blastocyst 

rate 
 

Lee et al., 1988 

Tubing Fisher, 
Chicago, IL Latex 

Four- to 16-cell 
mouse embryos 

 
Significant decrease in blastocyst rate Lee et al., 1988 

Tubing 
Hawkeye 

Medical, Iowa 
City, IA 

Siliconized 
Foley 

catheter 
Four- to 16-cell 
mouse embryos Significant decrease in blastocyst rate Lee et al., 1988 

Tubing, 
polyethylene  

Warsaw, 
Poland Polmedic 

Bull spermatozoa, 
human embryonic 
cells, L929mouse 

cells, chick 
embryonic cells, 

human 
erythrocytes 

No toxic effect on any of the five cell 
types Paluch et al., 1980 

Tubing, PVC  

Institute of 
Industrial 

Chemistry, 
Warsaw, 
Poland 

NG 

Bull spermatozoa, 
human embryonic 
cells, L929mouse 

cells, chick 
embryonic cells, 

human 
erythrocytes 

At least 10-20% necrotic cells in all five 
cell types Paluch et al., 1980 

Tubing, silicone  Cracow, 
Poland Stomil 

Bull spermatozoa, 
human embryonic 
cells, L929mouse 

cells, chick 
embryonic cells, 

human 
erythrocytes 

No toxic effect on any of the five cell 
types Paluch et al., 1980 
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Tubing, technical 
rubber  NG NG 

Bull spermatozoa, 
human embryonic 
cells, L929mouse 

cells, chick 
embryonic cells, 

human 
erythrocytes 

 

At least 20-50% necrotic cells in all five 
cell types Paluch et al., 1980 

Tubing in a 
perfusion culture 

system 
NG 

Silicone 
versus Tygon 

tubing 
Eight- to 16-cell 
bovine embryos 

More embryos developed to the 
blastocyst stage with Tygon rather than 

with silicone tubing was used 
 
 

Lim et al., 1996 

 
*Not Given 
** There can be variation between lots and between tests. Currently, we use Air-Tite syringes and have found that 
they will support development of two-cell mouse embryos to the blastocyst stage at a rate of 100%. 
 
 
 
 
 
 
analysis is beset with problems, partially 
because of variability between specimens 
from the same person and also because 
of the nonhomogeneity of semen 
specimens. Nevertheless, the number of 
spermatozoa in an ejaculate is specific 
and, after proper staff training, the 
laboratory technologist should strive to 
determine that number (Comhaire et al., 
1994). 
 
While different ways exist to determine 
number of spermatozoa in an ejaculate, 
the andrologist usually uses a microscope 
and a counting chamber.  Because 
variation between technologists 
performing semen analyses and the 
equipment they use exists, international 
and national organizations have published 
QC/QA guidelines for use in an attempt to 
minimize these differences. The World 
Health Organization (WHO) continues to 
update their manual with the latest 
knowledge in the field of andrology (WHO, 
2010). In addition, the United States 
(through   the    American    Society      for 
Reproductive        Medicine;          Practice  
 
 
 

 
 
 
 
 
Committee, 2008) and Europe (through 
the    European     Society     of      Human  
Reproduction and Embryology; Magli et 
al., 2008) have published andrology 
guidelines for personnel and procedures. 
 
 
In recent years, scientists have developed 
the computer automated semen analyzer 
(CASA) and it has become a vital piece of 
equipment for the andrologist. With the aid 
of a CASA, a technologist can reduce the 
variability normally observed when he/she 
 performs a semen analysis with the use 
of a “manual method.” But like a manual 
semen analysis method, a CASA also 
requires QC/QA to insure that it provides 
an accurate and precise assessment of 
semen analysis parameters. Over the 
years, we have compared various CASAs 
to the manual semen analysis, which, 
historically, has been considered the “gold 
standard” method. Except at very low or 
very high concentrations of sperm, we 
have found that CASAs provide results 
comparable to those obtained with the use 
of a manual method (Table 6). 
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Counting chambers have come under 
scrutiny as a possible source of variability in 
semen analysis results (Ginsburg and 
Armant, 1990; Imade et al., 1993; Shiran et 
al., 1995; Seaman et al., 1996; Mahmoud et 
al., 1997). We compared various counting 
chambers to the hemacytometer (the “gold 
standard” used for assessment of accuracy; 
Baxter Healthcare Corporation, McGaw 
Park, IL). Our results revealed that the 20µ 
MicroCell chamber (Conception 
Technologies, San Diego, CA) outperformed 
the hemacytometer, the 12µ MicroCell 
chamber and the Makler chamber (Sefi-
Medical Instruments, Haifa, Israel) (Johnson 
et al., 1996a). There was side to side 
variation with hemacytometers; the shallow 
depth of the 12µ MicroCell probably 
inhibited true movement of the sperm; and 
the Makler chamber significantly 
overestimated the known concentration of a 
suspension of latex beads (ACCU-BEADS; 
Hamilton-Thorne Research, Beverly, MA) 
(Johnson et al., 1996a). Brazil and 
coworkers also found the hemacytometer to 
vary more than the MicroCell (Brazil et al., 
2004). Further QC studies in our andrology 
laboratory revealed that old and new 
versions of the 20µ MicroCell did not differ 
(Johnson et al., 1996c). 
 
Various materials have been developed to 
aid in semen evaluation QC. Frozen sperm 
pellets (Semen Concentration and Motility  

 

 
 
Control [CMC], Conception Technologies,  
San Diego, CA) were manufactured, but 
were determined not to be a suitable control 
material for semen analyses. (Johnson et 
al., 2003) In a multi-center trial that included 
four other andrology laboratories, we were 
able to confirm that videotaped semen 
specimens can serve as QC for intra- and 
interlaboratory testing of CASA equipment 
provided that the biologic error caused by 
subsampling is considered when results are 
compared (Boone et al., 2000). 
 
National andrology surveys reveal that the 
coefficient of variation (CV) is high when 
different laboratories evaluate the same 
semen specimens. For example, Álvarez 
and associates (Álvarez et al., 2005) 
reported wide-ranging CVs when they asked 
numerous laboratories across Spain to 
evaluate semen specimens (e.g., 20.8% to 
33.8% for a pooled sperm concentration, 
13.9% to 19.2% for a video tape of total 
motility, 54.2% to 70.2% for stained smears 
of sperm morphology and 9.8% to 41.1% for 
stained smears of sperm viability).  
 
Unpredictability between counting chambers 
and specimens may be one reason for high 
variability in semen analysis results. Skill 
levels (e.g., dilution techniques [when 
applicable], staining techniques, pipetting 
techniques) of laboratory personnel is 
another. In order to reduce the wide 

Table 6. Lower and upper limits of measurable sperm concentration for computer assisted 
semen analyzers. 

Instrument Manufacturer Lower Limit of 
Measurable 

Sperm 
Concentration 
(million/mL) 

Upper Limit of 
Measurable 

Sperm 
Concentration 
(million/mL) 

Reference 

CellSoft 
CRYO 

Resources Ltd, 
New York, NY 

8.6 340 Johnson et al., 
1990 

Internal Visual 
Optical System 

(IVOS) 

Hamilton-
Thorne 

Research, 
Beverly, MA 

20 149 Johnson et al., 
1996b 

Sperm Class 
Analyzer (SCA) 

Microptic S.L., 
Barcelona, 

Spain 
5.5 250 Proctor et al., 

2008 
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variation in results, training courses that 
include standardization of techniques will 
have to be required (Álvarez et al., 2005).  
 
Cartmill and associates developed a semen 
analysis QC program that included five 
andrology laboratories. Personnel in these 
laboratories performed semen analyses on 
frozen semen lots once a month for seven 
years. In addition, specific parameters were 
picked and studied in multiple semen lots on 
a quarterly basis. Results were analyzed; 
standard deviations (SD) were calculated 
and then monitored to identify those 
personnel who performed outside of 
acceptable limits. Over time, with the use of 
monitoring and retraining (when necessary) 
techniques, the acceptable range of 
performance was gradually tightened from 
two SDs to one SD without increasing the 
number of personnel whose results fell 
outside of the maximum allowable range.  
They concluded that a carefully monitored 
QC program was useful for maintaining and 
evaluating the proficiency of andrologists 
(Cartmill et al., 1993). 
 
Others have reported similar results. In the 
United Kingdom, when andrologists 
assessed their findings and consulted one 
another, good agreement on specific sperm 
parameters could be reached (Cooper et al., 
1999). Larson and coworkers were able to 
improve their agreement on semen 
parameters when they routinely evaluated 
frozen semen specimens and had all 
technologists evaluate the same specimen 
followed by intervention if results from any 
technologist were outside an acceptability 
range of ± 2 SD (Larson et al., 1998). 
 
Even if techniques used to evaluate semen 
specimens are improved and we can 
demonstrate greater consistency among 
results that are reported, should the semen 
analysis continue to be performed? Jequier 
argues that results that are currently 
generated tell little about the potential for 
fertility except when the variables within a 
semen specimen are at the extremes and, 
therefore, as long as semen analysis is 
performed with competence, this procedure 
does not require rigorous QA. (Jequier, 
2005) Pacey countered with the argument 
that as more andrology laboratories 
implement QA procedures, a growing 

number of studies demonstrate that semen 
analysis results do correlate well with natural 
conception and some assisted reproductive 
technologies.  He does concede that semen 
analysis is poorly conducted in some 
laboratories around the world and that new 
tests designed to evaluate the integrity of 
sperm DNA may have more potential to 
predict male fertility regardless of sperm 
concentration, motility or morphology.  He 
also stresses that QA is an essential 
element of total quality management, the 
performance of which is required for 
andrology (and embryology) laboratories to 
achieve and maintain accredited status as 
medical laboratories (Pacey, 2006).  
 
In summary, after decades of performing 
semen analyses and recognizing that this 
procedure is fraught with problems, the 
semen analysis remains a cornerstone 
diagnostic test for male fertility. Newer 
equipment, such as CASAs, can make the 
results of a semen analysis more objective. 
Furthermore, the application of QA, as well 
as inter- and intralaboratory comparative 
studies, have helped to identify weaknesses 
in semen analysis techniques and, along 
with performance monitoring and 
technologist retraining, have reduced the 
variability of results.  Finally, new genetic 
tests are available that allow examination of 
the integrity of sperm DNA, which may 
predict fertility potential of the male.   
 
IX. Contaminants 
It has long been known that bacteria 
produce endotoxins.  Endotoxins are heat-
stable polysaccharides anchored to lipids 
that make up the outer membranes of gram-
negative bacteria.  They are shed during 
bacterial growth and released on cell lysis.  
These toxins are ubiquitous and tenacious 
contaminants as demonstrated by the facts 
that gram-negative bacteria, the source of 
endotoxins, grow in pure water as well as 
saline.  In addition, endotoxins are quite 
stable and can still be biologically active 
even after autoclave sterilization. (Gould, 
1985).  
 
In the late 1980’s, The Food and Drug 
Administration of the United States of 
America adopted the USP endotoxin 
reference standards to serve as a guidance 
for industry. (Center for Drug Evaluation and  
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Table 7. Upper limit of acceptability of endotoxins for various culture media and other products 
used in in vitro production procedures.   

Product Company 

Upper Limit of 
Acceptable 

Endotoxin Units 
(EU)/mL 

HTF Medium Irvine Scientific, Santa Ana, CA ≤ 0.25 

PBS 1X Irvine Scientific, Santa Ana, CA ≤ 0.5 

Quinn’s Advantage 
Thaw Kit 

Sage In-Vitro Fertilization, Inc., A Cooper 
Surgical Company, Trumbull, CT < 1.0 

Quinn’s Advantage 
Ca/Mg-Free Medium 
with HEPES  

Sage In-Vitro Fertilization, Inc., A Cooper 
Surgical Company, Trumbull, CT < 1.0 

G-IVF Plus Vitrolife, Inc., Englewood, CO < 0.25 

G-1v5 Plus Vitrolife, Inc., Englewood, CO < 0.25 

G-2v5 Plus Vitrolife, Inc., Englewood, CO < 0.25 

Sydney IVF Fertilization 
Medium Cook Medical, Brisbane, Australia < 0.4 

Sydney IVF Cleavage 
Medium Cook Medical, Brisbane, Australia < 0.4 

Sydney IVF Blastocyst 
Medium Cook Medical, Brisbane, Australia < 0.4 

Cumulase - 10X Halozyme Therapeutics, Inc., San Diego, 
CA ≤ 0.5 

ALLGrad 45% and 90% LifeGlobal, www.LifeGlobal.com < 1.0 

Stripper Tips MidAtlantic Diagnostics, Inc., Mount 
Laurel, NJ < 20* 

Glass Micropipets Humagen Fertility Diagnostics, 
Charlottesville, VA < 20* 

*Acceptable limit is reported as EU per device.   
 
 
 
 
 
Research, 1987) Table 7 depicts a random 
sampling of companies and their acceptable 
upper limits for endotoxins as indicated from 
their certificates of analysis for culture media 
and other in vitro production (IVP) materials 
(see the “Water Quality” section for more 
information). 

 
 
 
 
 
To reduce the load of microorganism on 
surfaces, many laboratory personnel use 
cytotoxic agents such as bleach, Cavicide or 
alcohols.  Unfortunately, while these 
compounds are bactericidal, virucidal and/or 
fungicidal, even when handled properly, they 
produce volatile organic compounds 
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(VOCs). These VOCs may be more 
deleterious to gametes and embryos than 
the unwanted microorganisms.  
 
To avoid potentially toxic VOCs, ART 
facilities with cleanrooms often will install 
ultraviolet (UV) lights in air-handling 
systems. As air is passed through various 
filters, it is exposed to UV rays, which 
eliminate many microorganisms without the 
need for VOC-producing agents (Boone et 
al., 1999; Worrilow et al., 2007). Ultraviolet 
rays also have been used to sterilize liquid 
nitrogen (Parmegiani et al., 2009).  
 
Bacteria are not only present in the 
laboratory, but also in biological materials 
that enter the laboratory. For example, 
Moretti and coworkers reported bacteria in 
semen and speculated that these bacteria 
could be responsible for deterioration of 
sperm quality (Moretti et al., 2009). Matilsky 
and associates reported three cases of 
bacterial contamination of culture media that 
contained human blastocysts. They isolated 
the bacteria and found it to be Enterococcus 
faecalis, a common gram-positive 
gastrointestinal bacterium. Upon further 
investigation, it was discovered that the 
bacteria came from the contaminated semen 
of the providers, two of whom were 
uncircumcised; their foreskins subsequently 
revealed heavy colonization with E. faecalis 
(Matilsky et al., 2005). Like bacteria, 
mycotoxins can also affect in vitro 
production (IVP) success.  
 
Svalander reported that the fungus 
Aspergillus niger invaded the humidification 
system of an incubator and was responsible 
for a decrease in IVF pregnancy rates. A 
subsequent move to a new facility with an 
upgraded air-handling system resulted in a 
rebound of pregnancy rates (Svalander, 
1991). Svalander and colleagues later 
illustrated the detrimental effects of 
mycotoxins when they exposed four-cell 
mouse embryos to four mycotoxins, each of 
which had been diluted to five different 
concentrations.  While the cytotoxic effect of 
the mycotoxins varied over the range of 
concentrations, all four proved to be potent 
cytotoxins at a concentration of 10 µg/mL. At 
some of the lesser concentrations, mouse 
embryos grew to blastocysts and hatched, 
but many produced abnormal trophoblastic 

outgrowths void of inner-cell masses (ICM).  
They concluded that mycotoxin 
contamination of incubators has the 
potential to disrupt both pre- and post-
implantation embryo development 
(Svalander et al., 1994). 
 
In vitro production (IVP) bypasses the 
body’s natural immune system leaving 
gametes susceptible to outside invaders.  To 
determine the exposure level of gametes 
and embryos to microorganisms our 
laboratories, we performed a quantitative 
and qualitative analysis of colony-forming 
units of bacteria and fungi in our andrology 
and ART laboratories. The andrology 
laboratory received normal hospital 
ventilation, while the ART laboratory was a 
clean room (Boone et al., 1999) with an 
independent ultralow-penetration air (ULPA) 
filtration system and was maintained with 
the use of strict clean room procedures.  
 
Twenty-three unique microbial species were 
isolated from the andrology laboratory and 
10 unique species were isolated from the 
clean room. While cleanroom technology 
does reduce the exposure of gametes and 
embryos to microorganisms, this research 
does illustrate the ubiquitous nature of 
microorganisms and the need for vigilant 
use of aseptic techniques when handling 
gametes and embryos in an effort to reduce 
potentially detrimental microbial 
contamination (Herlong et al., 2008). 
 
Bielanski wrote an extensive review of 
disinfection procedures used for control of 
microorganisms associated with 
spermatozoa and embryos from humans 
and farm animals. In this report, Bielanski 
states that there is still no universal method 
for disinfection of gametes and embryos. 
While washing semen with a gradient 
centrifugation method can reduce the 
microbial population, it cannot eliminate all 
microorganisms from the specimen. 
Because washing and antibiotics are not 
effective for all organisms (antibiotics are not 
effective against viruses), other methods 
such as trypsin treatment and photosensitive 
dyes to deal with viruses are being 
investigated. However, care must be taken 
to ensure that the chosen disinfection 
method does not compromise the viability of 
gametes and embryos (Bielanski, 2007). 
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In summary, numerous microorganisms 
exist in IVP laboratories. Laboratory 
personnel have a responsibility to minimize 
these organisms and their potentially 
harmful effects on gametes and in vitro 
produced embryos. 
  
X. Role of the Technologist 
If you want to demonstrate variability 
between andrology technologists, just ask 
two or more of them to analyze sperm 
morphology on the same stained semen 
smear. We asked two seasoned 
andrologists and three novice andrologists 
to read 20 sperm morphology slides in 
duplicate. The slides were prepared from 
semen specimens provided by men who had 
fathered a child within the previous 2 years. 
The slides were re-randomized and re-
evaluated 1 week later. This methodology 
was repeated until each slide had been read 
six times. The two seasoned andrologists 
averaged 10.4% and 10.8% normal forms, 
whereas the three novice andrologists 
averaged 7.3%, 7.9% and 15.0% normal 
forms (Graves et al., 2005). According to 
Clements and coworkers, Cooper and 
associates and Franken and colleagues, 
with continuous proper training, such 
variation can be reduced and a high level of 
accuracy can be obtained and maintained 
(Clements et al., 1995; Cooper et al., 1999; 
Franken et al., 2000). 
 
Like andrology procedures, the outcome of 
assisted reproductive technology 
procedures can be affected by the quality of 
an embryologist’s technique. In a study of 
205 patients, we demonstrated a trend (P = 
0.07) towards significant differences in IVF 
pregnancy rates among embryologists who 
performed embryo transfer. Using 
pregnancy rates as a quality indicator, it 
appeared that one individual loaded 
embryos into catheters better than did two 
other embryologists (62.9% pregnancy rate 
versus 44.0% and 48.2% pregnancy rates, 
respectively) (Rhodes et al., 2005).  
Knezevich and coworkers evaluated two 
embryo-grading systems applied to the 
same embryos in their IVF program by the 
same group of embryologists. In the first 
method, embryos were graded as 1+ to 5+ 
according to overall embryo appearance.  
The second method graded embryos based 
on the combination of two parameters: 1) 

evenness of blastomeres (scored as 1-4) 
and 2) degree of blastomere fragmentation 
(scored as 0-5).  When they determined 
inter- and intra-technologist variation, the 
grading of the fragmentation rate yielded the 
highest level of variability. To achieve 
greater consistency in embryo grading 
between embryologists, these researchers 
concluded that they needed to revise their 
fragmentation grading method (Knezevich et 
al., 1998).  Another group of scientists 
reviewed their embryo grading data and 
discovered intra-observer was low (CV of 
0.8%), while inter-observer was more 
variable (CV of 9.7%). They attributed this 
difference to the fact that some observers 
were stricter than others (Roseboom et al., 
1994). 
 
Other scientists confirm the need to 
continually assess technologists’ 
performance. There was a significant 
difference (P = 0.001) in human IVP when 
media were prepared by technologists who 
had been making media for 3 years (IVF 
rates of 64.1% and 63.6%) versus newly-
trained technologists (IVF rates of 47.3% 
and 44.7%). Pregnancy rates also were 
higher (26.2% and 23.4% for experienced 
Technologists versus 18.4% and 13.6% for 
newly-trained Technologists), but did not 
differ significantly (Wallace et al., 1991). Like 
those scientists who state that andrologists 
can improve their skills through training, 
some assert that the same applies to 
embryology skills (Karande et al., 1999). 
 
In summary, whether technologists work in 
the andrology or the embryology laboratory, 
it appears that repeated and continuous 
technologist training can minimize variation 
in results due to technique.  As suggested 
by Keck and coworkers, this continuous 
training should include weekly or biweekly 
meetings to discuss such items as the 
results of various laboratory procedures as 
well as a review of inter- and intra-
technologist variation to insure consistency 
within the laboratory (Keck et al., 2005).  
 
 
XI. Summary 
In summary, we offer historical as well as 
current data on TQM as it applies to ART 
laboratories.  We have adopted many of 
these concepts, while others are in the 
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implementation phase.  The reality is that 
laboratory personnel must be willing to 
change as improvements in technology 
occur in order to meet the ever-evolving 
demands of a more difficult patient 
population.  Below are suggestions for 
meeting these demands. 
 

- Establish standards for and 
methods to monitor air quality, 
temperature, light exposure, relative 
humidity and electromagnetic fields. 

 
- Minimize exposure of gametes to 

extreme shifts in temperature, pH, 
osmolarity and light; determine the 
maximum allowable time limit for 
oocytes/embryos to remain outside 
of the incubator in order to perform 
such procedures as fertilization 
checks, grading, hatching, biopsying 
and cryopreservation. 

 
- Be aware that media pH is sensitive 

to alterations in temperature, CO2 
levels and altitude.  

 
- Scrutinize gamete/embryo contact 

materials by reviewing 
manufacturer’s Certificates of 
Analyses, perform in-house quality 
control tests where needed and 
develop control measures to 
operate in tandem with routine 
laboratory procedures. 

 
- Communicate with the patient, 

nurse and physician to tailor an 
ovarian stimulation protocol that will 
produce a minimum number of high-
quality oocytes. 

 
- Communicate with the transfer 

operator as to presence or absence 
of mucus or blood on the embryo 
transfer catheter; ask the operator to 
record ease or difficulty of the 
transfer. 

 
- Be aware that though the semen 

analysis is still the cornerstone 
diagnostic test for male fertility, it is 
more of a subjective test than an 
objective test of fertility potential; 
much work is currently underway to 
address this issue.  

 
- Be aware of numerous 

microorganisms that exist in an IVP 
laboratory; establish standards for 
and methods to monitor and control 
the presence of such 
microorganisms.    

 
- Observe, document and discuss 

technologist performance on a 
routine basis. 

 
During the course of this review, we 
discovered several practices we did well, 
some we needed to stop and others we 
needed to adopt.  We fell into the trap that 
many of us do – the willingness to maintain 
the status quo so as not to venture far from 
our “comfort zone.”  Infertility treatments are 
far more advanced than they were a decade 
ago, which means patient management is 
better and the opportunity for a patient to 
achieve a pregnancy without the use of 
oocyte harvest is much higher than it was in 
the 1990s. Now, the patient who undergoes 
oocyte harvest is one for which pregnancy 
may be the most difficult to achieve. 
Therefore, laboratory procedures that were 
appropriate for past patients may not be 
suitable for current patients.  The challenge 
is to alter our thoughts so as to stay abreast 
of current technology as well as changes 
involved with infertility patient management. 
 
 
Reference 
Abramczuk JW, Lopata A. Incubator 

performance in the clinical in vitro 
fertilization program: importance of 
temperature conditions for the fertilization 
and cleavage of human oocytes. Fertil 
Steril. 1986; 46:132-4 

Ackerman SB, Stokes GL, Swanson RJ, 
Taylor SP, Fenwick L. Toxicity testing for  

 
human in vitro fertilization programs. J 
Vitro Fertil Emb Trans. 1985; 2:132-7 

Aggarwal BB, Quintanilha AT, Cammack R, 
Packer L. Damage to mitochondrial 
electron transport and energy coupling 
by visible light. Biochim Biophysic. 1978; 
502:367-82 

Alexandre HL. Effect of x-irradiation on 
preimplantation mouse embryos cultured 
in vitro. J Reprod Fertil. 1974; 36:417-20 



QC and QA in the ART laboratory 
 

87 

Ali J. Continuous ultra micro-drop (cUMD) 
culture yields higher pregnancy & 
implantation rates than either larger-drop 
culture or fresh-medium replacement. 
Clin Embryol. 2004; 7(2):1-17  

Ali J, Al-Natsha SD, Shahata MAM, Al-
Bayeti AH, Joshi HN, Al-Badr MK, 
Flamerzi M, Hamsho A, Belnas T, 
Abdulla M. Effect of high environmental 
temperature on fertilization, zygote 
cleavage, embryo quality, pregnancy and  
abortion in human assisted reproduction 
cycles. Med Sci Res. 1999;27:565-7 

Alliston CW, Howarth Jr B, Ulberg LC. 
Embryonic mortality following culture in 
vitro of one- and two-cell rabbit eggs at 
elevated temperatures. J Reprod Fertil. 
1965; 9:337-41 

Alliston CW, Ulberg LC. Early pregnancy 
loss in sheep at ambient temperatures of 
70o and 90oF. as determined by embryo 
transfer. J Anim Sci. 1961; 20:608-13 

Almeida PA, Bolton VN. The effect of 
temperature fluctuations on the 
cytoskeletal organization and 
chromosomal constitution of the human 
oocyte. Zygote. 1995; 3:357-65 

Al-Shawaf T, Dave R, Harper J, Linehan D, 
Riley P, Craft I. Transfer of embryos into 
the uterus: how much do technical  
factors affect pregnancy rates? J Assist 
Reprod Genet. 1993; 10:31-6 

Altman PL, Dittmer DS. Blood and other 
body fluids. Fed Am Soc Exp Biol. 
Washington, DC. 1961:186 

Álvarez C, Castilla JA, Ramírez JP, Vergara 
F, Yoldi A, Fernández A, Gaforio JJ. 
External quality control program for 
semen analysis: Spanish experience. J 
Assist Reprod Genet. 2005; 22:379-87 

Andersen SR. Ethylene oxide residues in 
medical materials. Bul Parenteral Drug 
Assoc. 1973; 27:49-58 

Anderson AR, Graff KJ, Crain JL. Low 
oxygen tension and euploidy after 
preimplantation genetic screening. Fertil 
Steril. 2007: 88(Suppl 1):S91 

Arny M, Nachtigall L, Quagliarello J. The 
effect of preimplantation culture 
conditions on murine embryo 
implantation and fetal development. Fertil 
Steril. 1987; 48:861-5 

Avery B, Melsted JK, Greve T. A novel 
approach for in vitro production of bovine 
embryos: use of the Oxoid atmosphere 

generating system. Theriogenology. 
2000; 54:1259-68 

Awda BJ, Buhr MM. The effect of glove type 
on boar semen quality. Theriogenology. 
2008; 70:1388 

Awonuga A, Waterstone J, Oyesanya O, 
Curson R, Nargund G, Parsons J. A 
prospective randomized study comparing 
needles of different diameters for 
transvaginal ultrasound-directed follicle 
aspiration. Fertil Steril. 1996; 65:109-13 

Balaban B, Urman B. Embryo culture as a 
diagnostic tool. Reprod BioMed Online. 
2003; 9:671-82 

Ball GD, Aaker DV. Human fetal cord serum 
vs amnionic fluid as an embryo culture 
medium. Biol Reprod. 1989; 40(Suppl 
1):66 

Barlow P, Puissant F, Van der Zwalmen P, 
Vandromme J, Trigaux P, Leroy F. In 
vitro fertilization, development, and 
implantation after exposure of mature 
mouse oocytes to visible light. Mol 
Reprod Dev. 1992; 33:297-302 

Barnett DK, Bavister BD. What is the 
relationship between the metabolism of 
preimplantation embryos and their 
developmental competence? Mol Reprod 
Dev. 1996; 43:105-33  

Barrett CB, Harris D, Powers RD. 
Insemination in micro-drops under oil 
yields a higher fertilization rate than 
insemination in culture tubes. Fertil Steril. 
1994; 66(Suppl 1):S134 

Batt PA, Gardner DK, Cameron AWN. 
Oxygen concentration and protein source 
affect the development of preimplantation 
goat embryos in vitro. Reprod Fertil Dev. 
1991; 3:601-7 

Battaglia DE, Khabani A, Rainer C, Moore 
DE. Prospective randomized trial of 
incubator CODA filtration units revealed 
no effect on outcome parameters for IVF. 
Fertil Steril. 2001; 75(Suppl 1):6S 

Bavister BD. Environmental factors 
important for in vitro fertilization in the 
hamster. J Reprod Fertil. 1969; 18:544-5 

Bavister BD. A consistently successful 
procedure for in vitro fertilization of 
golden hamster eggs. Gamete Res. 
1989; 23:139-58 

Bavister B. Oxygen concentration and 
preimplantation development. Reprod 
BioMed Online. 2004; 9:484-6 

Bavister BD, Andrews JC. A rapid sperm 
motility bioassay procedure for quality-



QC and QA in the ART laboratory 
 

88 

control testing of water and culture 
media. J Vitro Fertil Emb Trans. 1988; 
5:67-75 

Bean CJ, Hassold TJ, Judis L, Hunt PA. 
Fertilization in vitro increases non-
disjunction during early cleavage 
divisions in a mouse model system. Hum 
Reprod. 2002; 17:2362-7 

Bedford JM, Chang MC. Fertilization of 
rabbit ova in vitro. Nature (London). 
1962; 193:898-9 

Bedford JM, Dobrenis A. Light exposure of 
oocytes and pregnancy rates after their 
transfer in the rabbit. J Reprod Fertil. 
1989; 85:477-81 

Bernard RS, Richardson ME, Diehl JR, 
Bridges WC. The influence of husbandry 
schedules on the number of embryos 
collected from superovulated mice. 
Contemp Topics. 2000; 39(4):13-5 

Bertheussen KH, Hentemann MA. The 
mouse model: new media for embryo 
culture to the blastocyst stage. Fertil 
Steril. 2001; 76(Suppl 1):S169 

Bertheussen K, Holst N, Forsdahl F, Høie 
KE. A new cell culture assay for quality 
control in IVF. Hum Reprod.1989; 4:531-
5 

Beseth L. Biological testing of the toxicity of 
rubber used in artificial vaginas with boar 
semen. Nord Vet-Med. 1962; 14:689-701 

Bielanski A. Disinfection procedures for 
controlling microorganisms in the semen 
and embryos of humans and farm 
animals. Theriogenology. 2007; 68:1-22 

Bielanski A, Hare WCD. Investigation of 
some antimicrobial procedures on the in 
vitro development of early murine 
embryos aimed toward developing 
methods for the disinfection of 
mammalian embryos prior to transfer. J 
In Vitro Fert Embryo Transfer. 1991; 
8:24-32 

Bielanski A, Hare WCD. Development in 
vitro of bovine embryos after exposure to 
continuous helium/neon laser light. 
Theriogenology. 1992; 37:192 

Bielfeld P, Özörnek MH, Krüssel JS, von 
Eckardstein S, Mikat-Drozdzynski B, 
Jeyendran RS, Schuppe H-C. Can high 
concentration microdrop insemination be 
an alterative to intracytoplasmic sperm 
injection in case of severe male 
infertility? Fertil Steril. 1996; 66(Suppl 
1):S96 

Blackshaw AW, Emmens CW. The 
interaction of pH, osmotic pressure and 
electrolyte concentration on the motility 
of ram, bull and human spermatozoa. J 
Physiol 1951; 114:16-26 

Blandau RJ. In vitro fertilization and embryo 
transfer. Fertil Steril. 1980; 33:3-11 

Blandau R, Jensen L, Rumery R. 
Determination of the pH values of the 
reproductive-tract fluids of the rat during 
heat. Fertil Steril. 1958; 9:207-14 

Bols  PEJ, Vandenheede JMM, Van Soom 
A, de Kruif A. Transvaginal ovum pick-up 
(OPU) in the cow: a new disposable 
needle guidance system. 
Theriogenology. 1995; 43:677-87 

Bols PEJ, Van Soom A, Ysebaert MT, 
Vandenheede JMM, de Kruif A. Effects of 
aspiration vacuum and needle diameter 
on cumulus oocyte complex morphology 
and developmental capacity of bovine 
oocytes. Theriogenology. 1996; 45:1001-
14 

Bondioli KR, Hill KG. The effect of exposing 
media to syringes on the viability of 
bovine embryos. Theriogenology. 1986; 
25:142 

BonDurant RH, Anderson GB, Boland MP, 
Cupps PT, Hughes MA. Preliminary 
studies on bovine embryo survival 
following short-term storage at 4oC. 
Theriogenology. 1982; 17:223-30 

Boone WR, Higdon III HL, Skelton WD. How 
to design and implement an assisted 
reproductive technology (ART) 
cleanroom. Clin Embryol. 2007; 10(4):5-
17, vi 

Boone WR, Johnson JE.  The effect of the 
culture vessel and insemination method 
on the in vitro fertilization and 
development of human oocytes.  J Assist 
Reprod Genet. 1997; 14:233-5   

Boone WR, Johnson JE, Blackhurst DM, 
Crane IV MM. Cook versus Edwards-
Wallace: are there differences in flexible 
catheters? J Assist Reprod Genet. 2001; 
18:15-7  

Boone WR, Johnson JE, Lee ST, Detry MA, 
Blackhurst DW. Sources of variation in 
measurements of carbon dioxide levels 
inside incubators. J Assist Reprod Genet. 
1996; 13:606-8 

Boone WR, Johnson JE, Locke A-J, Crane 
IV MM, Price TM. Control of air quality in 
an assisted reproductive technology 
laboratory. Fertil Steril. 1999; 71:150-4 



QC and QA in the ART laboratory 
 

89 

Boone WR, Jones JM, Shapiro SS. Using 
videotaped specimens to test quality 
control in a computer-assisted semen 
analysis system. Fertil Steril. 2000; 
73:636-40 

Boone WR Shapiro SS. Quality control in 
the in vitro fertilization laboratory. 
Theriogenology. 1990; 33:23-50 

Borque C, Pintado B, García P, Sánchez R. 
Effect of washing oil on in vitro 
development of mouse embryos. 
Theriogenology. 1996; 45:206 

Bradley MO, Sharkey NA. Mutagenicity and 
toxicity of visible fluorescent light to 
cultured mammalian cells. Nature. 1977; 
266:724-6 

Brazil CK, Swan SH, Tollner CR, Treece C, 
Drobnis EZ, Wang C, Redmon B, 
Overstreet JW. Quality control of 
laboratory methods for semen evaluation 
in a multicenter study. J Andrology. 2004; 
(Suppl):92 

Brinster RL. Studies on the development of 
mouse embryos in vitro. I. The effect of 
osmolarity and hydrogen ion 
concentration. J Exp Zool. 1965; 158:49-
58   

Brinster RL. In vitro cultivation of 
mammalian ova. Adv Biosci.1969; 4:199-
233 

Brison DR, Houghton FD, Falconer D, 
Roberts SA, Hawkhead J, Humpherson 
PG,  et al. Identification of viable 
embryos in IVF by non-invasive 
measurement of amino acid turnover. 
Hum Reprod. 2004; 19:2319-24  

Broussard JR, Goodeaux SD, Goodeaux LL, 
Thibodeaux JK, Moreau JD, Godke RA, 
Roussel JD. The effects of different types 
of syringes on equine spermatozoa. 
Theriogenology. 1993; 39:389-99 

Bungartz L, Lucas-Hahn A, Rath D, 
Niemann H. Collection of oocytes from 
cattle via follicular aspiration aided by 
ultrasound with or without gonadotropin 
pretreatment and in different reproductive 
stages. Theriogenology. 1995; 43:667-75 

Burfening PJ, Alliston CW, Ulberg LC. Gross 
morphology and predictability for survival 
of 4-day rabbit embryos following heat-
stress during the first cleavage division. J 
Exp Zool. 1969; 170:55-60 

Burke LM, Davenport AT, Russell GB, 
Deaton JL. Predictors of success after 
embryo transfer: experience from a 

single provider.  Am J Ob Gyn. 2000; 
182:1001-4  

Burkman LJ, Rogers BJ, Kiessling AA, 
Epstein DA. Comparing three 
reproductive assays for their quality 
control (QC) potential. Fertil Steril. 1991; 
56:S145 

Byatt-Smith JG, Leese HJ, Gosden RG. An 
investigation by mathematical modelling 
of whether mouse and human 
preimplantation embryos in static culture 
can satisfy their demands for oxygen by 
diffusion. Hum Reprod. 1991; 6:52-7 

Byers SL, Payson SJ, Taft RA. Performance 
of ten inbred mouse strains following 
assisted reproductive technologies 
(ARTs). Theriogenology. 2006; 65:1716-
26 

Canesco RS, Sparks AET, Pearson RE, 
Gwazdauskas FC. Embryo density and 
medium volume effects on early murine 
embryo development. J Assist Reprod 
Genet. 1992; 9:454-7 

Carney EW, Bavister BD. Regulation of 
hamster embryo development in vitro by 
carbon dioxide. Biol Reprod. 1987; 
36:1155-63 

Caro CM, Trounson A. The effect of protein 
on preimplantation mouse embryo 
development in vitro. J Vitro Fertil 
Embryo Transfer. 1984; 1:183-7 

Cartmill D, Thorp C, Carrell DT. Evaluation 
of a multi-laboratory, seven year, semen 
analysis quality control program. J 
Androl. 1993; (Suppl):40 

Catt JW, Henman M. Toxic effects of oxygen 
on human embryo development. Hum 
Reprod. 2000; 15(Suppl 2):199-206 

Center for Drug Evaluation and Research 
Guideline on validation of the limulus 
amebocyte lysate test as an end-product 
endotoxin test for human and animal 
parenteral drugs, biological products, and 
medical devices. 1987; As cited by the 
U.S. Department of Health and Human 
Services, Food and Drug Administration. 
Guidance for industry. 1997. 
www.fda.gov/cder/guidance/index.htm 

Chang MC, Thorsteinsson T. Effect of 
osmotic pressure and hydrogen-ion 
concentration on the motility and 
fertilizing capacity of rabbit spermatozoa. 
Fertil Steril. 1958; 9:510-20 

Clarke RN, Griffin PM, Biggers JD. 
Screening of maternal sera using a 
mouse embryo culture assay is not 



QC and QA in the ART laboratory 
 

90 

predictive of human embryo development 
or IVF outcome. J Assist Reprod Genet. 
1995; 12:20-5 

Clements S, Cooke ID, Barratt CL. 
Implementing comprehensive quality 
control in the andrology laboratory. Hum 
Reprod. 1995; 10:2096-106 

Cohen J, Avery S, Campbell S, Mason BA, 
Riddle A, Sharma V. Follicular aspiration 
using a syringe suction system may 
damage the zona pellucida. J Vitro Fertil 
Emb Trans. 1986; 3:224-6 

Cohen J, Gilligan A, Esposito W, Schimmel 
T, Dale B. Ambient air and its potential 
effects on conception in vitro. Hum 
Reprod. 1997; 12:1742-9 

Cohen J, Gilligan A, Willadsen S. Culture 
and quality control of embryos. Hum 
Reprod. 1998; 13(Suppl 3):137-47 

Cohen J. Growing embryos in a world that is 
flat: a short history of embryo culture in 
petri dishes. Fertil Mag. 2006; 6:12-4 

Cohen J. Putting all your eggs in one 
basket: the question of the optimal 
number of embryos per dish. Fertil Mag. 
2007; 7:33 

Comhaire F, Schoonjans F, Vermeulen L, 
De Clercq N. Methodological aspects of 
sperm morphology evaluation: 
comparison between strict and liberal 
criteria. Fertil Steril. 1994; 62:857-61 

conditions of human oocyte retrieval for in 
vitro fertilization. Fertil Steril. 1989; 
51:675-81  

Condon-Mahony M, Wortham Jr JWE, 
Bundren JC, Witmyer J, Shirley B. 
Evaluation of human fetal cord sera, 
Ham’s F-10 medium, and in vitro culture 
materials with a mouse in vivo 
fertilization system. Fertil Steril. 1985; 
44:521-5 

Cooke S, Tyler JPP, Driscoll G. Objective 
assessments of temperature 
maintenance using in vitro culture 
techniques. J Assist Reprod Gen. 2002; 
19:368-75 

Cooper TG, Atkinson AD, Nieschlag E. 
Experience with external quality control 
in spermatology. Hum Reprod. 1999; 
14:765-9 

Coroleu B, Barri PN, Carreras O, Martínez 
F, Parriego M, Hereter L, Parera N, 
Veiga A, Balasch J. The influence of the 
depth of embryo replacement into the 
uterine cavity on implantation rates after 

IVF: a controlled, ultrasound-guided 
study. Hum Reprod. 2002; 17:341-6 

Cragle RG, Salisbury GW. Factors 
influencing metabolic activity of bull 
spermatozoa. IV. pH, osmotic pressure, 
and the cations, sodium, potassium, and 
calcium. J Dairy Sci. 1959; 42:1304-13  

Critchlow JD, Matson PL, Newman MC, 
Horne G, Troup SA, Lieberman BA. 
Quality control in an in-vitro fertilization 
laboratory: use of human sperm survival 
studies. Hum Reprod.1989; 4:545-9  

Cummins JM, Breen TM, Fuller SM, 
Harrison KL, Wilson LM, Hennessey JF, 
Shaw JM, Shaw G. Comparison of two 
media in a human in vitro fertilization 
program: lack of significant differences in 
pregnancy rate. J Vitro Fertil Embryo 
Trans. 1986; 3:326-30  

Cunningham KJ, McCarthy CB, Russell JB. 
The pH change in a microdroplet system 
under oil with different numbers of sperm 
added for insemination. Fertil Steril. 
1994; 62(Suppl 1):S47 

Cutting RC, Pritchard J, Clarke HS, Martin 
KL. Establishing quality control in the 
new IVF laboratory. Hum Fertil. 2004; 
7:119-25 

Dale B, Menezo Y, Cohen J, DiMatteo L, 
Wilding M. Intracellular pH regulation in 
the human oocyte. Hum Reprod. 1998; 
13:964-70 

Dandekar PV, Quigley MM. Laboratory 
setup for human in vitro fertilization. Fertil 
Steril. 1984; 42:1-12 

Daniel Jr JC. Cleavage of mammalian ova 
inhibited by visible light. Nature. 1964; 
201:316-7 

Davidson A, Vermesh M, Lobo RA, Paulson 
RJ. Mouse embryo culture as quality 
control for human in vitro fertilization: the 
one-cell versus the two-cell model. Fertil 
Steril. 1988a; 49:516-21 

Davidson A, Vermesh M, Lobo RA, Paulson 
RJ. The temporal effects of changes in in 
vitro fertilization culture media on the 
one-cell mouse embryo system. J Vitro 
Fertil Emb Trans. 1988b; 5:149-52 

de Castro e Paula LA, Hansen PJ. 
Interactions between oxygen tension and 
glucose concentration that modulate 
actions of heat shock on bovine oocytes 
during in vitro maturation. 
Theriogenology. 2007; 68:763-70 

De Placido G, Wilding M, Strina I, Mollo A, 
Alviggi E, Tolino A, Colacurci N, De 



QC and QA in the ART laboratory 
 

91 

Matteo L, Marino M, Dale B. The effect of 
ease of transfer and type of catheter 
used on pregnancy and implantation 
rates in an IVF program. J Assist Reprod 
Genet. 2002; 19:14-8 

De Rosa M, Zarrilli S, Paesano L, Carbone 
U, Boggia B, Petretta M, Maisto A, 
Cimmino F, Puca G, Colao A, Lombardi 
G. Traffic pollutants affect fertility in men. 
Hum Reprod. 2003a; 18:1055-61  

De Rosa M, Carbone U, Lombardi G. Traffic 
pollutants affecting male fertility. Hum 
Reprod. 2003b; 18:1981-2 

Dinnie H, Daniele A, Labrie S, Monte L, 
Grow D, Arny M. Microdrop insemination 
for optimal fertilization in an in vitro 
fertilization (IVF) program: a prospective 
study comparing sibling oocytes. Fertil 
Steril. 1995; 64(Suppl 1):S257 

Driancourt MA, Lorentz R, Chupin D, Webb 
R, Wilmut I. Survival of ovine embryos 
stored at 4oC for 24 hours. 
Theriogenology. 1988; 30:441-6 

Duarte de Oliveira AT, Felix Lopes RF, Luiz 
Rodrigues J. Gene expression and 
developmental competence of bovine 
embryos produced in vitro under varying 
embryo density conditions. 
Theriogenology. 2005; 64:1559-72 

Dubin NH, Bornstein DR, Gong Y. Use of 
endotoxin as a positive (toxic) control in 
the mouse embryo assay. J Assist 
Reprod Gen. 1995; 12:147-52 

Dudkiewicz A, Kaberlein G, Novotny M, 
Dudkiewicz C, Favero L, Karande V. Can 
sperm motility elucidate media 
deficiencies not detected by mouse two-
cell culture? Fertil Steril. 1994; 62(Suppl 
1):S122-3 

Dumesic DA, Renk M, Kamel F. Estrogenic 
effects of phenol red on rat pituitary cell 
responsiveness to gonadotropin-
releasing hormone. Life Sci. 1989; 
44:397-406 

Dumoulin JCM, Pieters MHEC, Vanvuchelen 
RCM, Geraedts JPM, Land JA, Evers 
JLH. Effect of oxygen concentration on in 
vitro fertilization and embryo culture in 
the human and the mouse. Fertil Steril. 
1995; 63:115-9 

Edwards LJ, Williams DA, Gardner DK. 
Intracellular pH of the preimplantation 
mouse embryo: effects of extracellular 
pH and weak acids.  Mol Reprod Dev. 
1998; 50:434-42 

Edwards RG, Fishel SB, Cohen J, Fehilly 
CB, Purdy JM, Slater JM, Steptoe PC, 
Webster JM. Factors influencing the 
success of in vitro fertilization for 
alleviating human infertility. J Vitro Fertil 
Emb Trans. 1984; 1:3-23 

Eibs H-G, Spielmann H. Differential 
sensitivity of preimplantation mouse 
embryos to UV irradiation in vitro and 
evidence for postreplication repair. 
Radiat Res. 1977; 71:367-76 

Elhassan YM, Zhang X, Kramer DC, 
Westhusin ME. Blastocyst development 
of in vitro produced morula-stage bovine 
embryos briefly exposed to ultraviolet 
light following Hoechst staining. Biol 
Reprod. 2000; 62:(Suppl 1)253  

Elliott DS, Ulberg LC. Early embryo 
development in the mammal. I. Effects of 
experimental alterations during first cell 
division in the mouse zygote. J Anim Sci. 
1971; 33:86-95 

Emmens CW. The effect of variations in 
osmotic pressure and electrolyte 
concentration on the motility of rabbit 
spermatozoa at different hydrogen-ion 
concentrations. J Physiol. 1948; 107:120-
40 

Eng LA, Kornegay ET, Huntington J, 
Wellman T. Effects of incubation 
temperature and bicarbonate on 
maturation of pig oocytes in vitro. J 
Reprod Fertil. 1986; 76:657-62 

Esterhuizen AD, Bosman E, Botes ADE, 
Groenewald OA, Giesteira MVK, 
Labuschagne GPJ, Lindeque HW, 
Rodriques FA, Van Rensburg JJ, Van 
Schouwenburg JAM. A comparative 
study on the diagnostic sensitivity of 
rodent sperm and embryos in the 
detection of endotoxin in Earle’s 
balanced salt solution. J Assist Reprod 
Genet. 1994; 11:38-42 

Fischer B, Bavister BD. Oxygen tension in 
the oviduct and uterus of rhesus 
monkeys, hamsters and rabbits. J 
Reprod Fertil. 1993; 99:673-9 

Fischer B, Schumacher A, Hegele-Hartung 
C, Beier HM. Potential risk of light and 
room temperature exposure to 
preimplantation embryos. Fertil Steril. 
1988; 50:938-44  

FitzGerald L, Sundaram G, Smith S, 
Manimakali S, Swanson M, Goldstein P. 
An effective mouse embryo bioassay for 
quality control (QC) in an assisted 



QC and QA in the ART laboratory 
 

92 

reproductive technologies (ART) 
program. Fertil Steril. 1992; 58:S60 

Fleetham JA, Pattinson HA, Mortimer D. The 
mouse embryo culture system: improving 
the sensitivity for use as a quality control 
assay for human in vitro fertilization. 
Fertil Steril. 1993; 59:192-6 

Fleming TP, Pratt HPM, Braude PR. The 
use of mouse preimplantation embryos 
for quality control of culture reagents in 
human in vitro fertilization programs: a 
cautionary note. Fertil Steril. 1987; 
47:858-60 

Flick DL, Merilan CP. Toxicity of artificial 
vagina liners for bovine spermatozoa. 
Theriogenology. 1988; 29:1207-13 

Foote RH. Influence of pH on survival and 
fertility of bull sperm. J Dairy Sci. 1964; 
47:807-11 

Fowler IM, Kraft P, Berhane KT, Kim E, 
Sokol RZ. Semen quality of sperm 
donors in California: effects of ambient 
air quality. Fertil Steril. 2002; 77 (Suppl 
3):S6 

Francis MM, Macaso T, Sauer MV, Paulson 
RJ. Embryotoxicity of three commercially 
available powderless surgical gloves. J 
Assist Repro Genet. 1992:9:283-5 

Franken DR, Smith M, Menkveld R, Kruger 
TF, Sekadde-Kigondu C, Mbizvo M, 
Akande EO. The development of a 
continuous quality control programme for 
strict sperm morphology among sub-
Saharan African laboratories. Hum 
Reprod. 2000; 15:667-71 

Frankfurter D, Silva CP, Mota F, Trimarchi 
JB, Keefe DL. The transfer point is a 
novel measure of embryo placement. 
Fertil Steril. 2003; 79:1416-21  

Froman DP, Amann RP. Inhibition of motility 
of bovine, canine and equine 
spermatozoa by artificial vagina 
lubricants. Theriogenology. 1983; 
30:358-61 

Fry RC, Simpson TL, Squires TJ, Parr RA, 
Damanik RM. Factors affecting 
transvaginal oocyte pick up in heifers. 
Theriogenology. 1994; 41:197 

Fujita T, Umeki H, Shimura H, Kugumiya K, 
Shiga K. Effect of group culture and 
embryo-culture conditioned medium on 
development of bovine embryos. J 
Reprod Dev. 2006; 52:137-42   

Fujiwara M, Takahashi K, Izuno M, Duan 
YR, Kazono M, Kimura F, Noda Y. Effect 
of micro-environment maintenance on 

embryo culture after in-vitro fertilization: 
comparison of top-load mini incubator 
and conventional front-load incubator. J 
Assist Reprod Genet. 2007; 24:5-9 

Fukuda A, Noda Y, Tsukui S, Matsumoto H, 
Yano J, Mori T. Influence of water quality 
on in vitro fertilization and embryo 
development for the mouse. J Vitro Fertil 
Embryo Trans. 1987; 4:40-5  

Gabler FR. High-purity water for biological 
applications. Develop Industrial 
Microbiol. 1984; 25:397-413 

Gaddum-Rosse P, Blandau RJ, Langley LB, 
Battaglia DE. In vitro fertilization in the 
rat: observations on living eggs. Fertil 
Steril. 1984; 42:285-92 

Gardner DK. Oxygen & embryo culture.  
Fertil World. 2005; 3:8-9 

Gardner DK, Lane M. Alleviation of the ‘2-
cell block’ and development to the 
blastocyst of CF1 mouse embryos: role 
of amino acids, EDTA, and physical 
parameters. Hum Reprod. 1996; 
11:2703-12 

Gardner DK, Lane M. Culture media for the 
human embryo. In: Biotechnology of 
human reproduction. Revelli A, Tur-
Kaspa I, Holte JG, Massobrio M, Eds. 
Boca Raton: The Parthenon Publishing 
Group, 2003:181-99 

Gardner DK, Lane M, Johnson J, Wagley L, 
Stevens J, Schoolcraft WB. Reduced 
oxygen tension increases blastocyst 
development, differentiation, and viability. 
Fertil Steril. 1999; 72(Suppl 1):S30-1 

Gardner DK, Lane M, Kouridakis K, 
Schoolcraft WB. Complex physiologically 
based serum-free culture media increase 
mammalian embryo development. J 
Assist Reprod Genet. 1997; 14(Suppl 
1):182S 

Gardner DK, Lane M, Spitzer A, Batt PA. 
Enhanced rates of cleavage and 
development for sheep zygotes cultured 
to the blastocyst stage in vitro in the 
absence of serum and somatic cells: 
amino acids, vitamins, and culturing 
embryos in groups stimulate 
development. Biol Reprod. 1994; 50:390-
400 

Gardner DK, Reed L, Linck D, Sheehan C, 
Lane M. Quality control in human in vitro 
fertilization. Semin Reprod Med. 2005; 
23:319-24 

Geisthövel F, Ochsner A, Gilligan AV. 
Environmental evaluation of assisted 



QC and QA in the ART laboratory 
 

93 

reproduction techniques laboratories in 
Germany and the United States of 
America. In: Kumar A, Mukhopadhyay 
AK, Eds. Follicular growth, ovulation and 
fertilization: molecular and clinical basis., 
New Delhi, India: Narosa Publishing 
House. 2001:184-98 

George MA, Braude PR, Johnson MH, 
Sweetnam DG. Quality control in the IVF 
laboratory: in-vitro and in-vivo 
development of mouse embryos is 
unaffected by the quality of water used in 
culture media. Hum Reprod. 1989; 
4:826-31 

Gerrity M. Determinants of human embryo 
quality following in vitro fertilization.             
Theriogenology. 1992; 37:147-60 

Ghazzawi IM, Al-Hasani S, Karaki R, Souso 
S. Transfer technique and catheter 
choice influence the incidence of 
transcervical embryo expulsion and the 
outcome of IVF. Hum Reprod. 1999; 
14:677-82  

Gianfortoni JG, Andresen PJ, Cieslak JM. In 
vitro and in vivo fertilization and embryo 
development in the murine model: 
comparison of sensitivity and outcome. 
Fertil Steril. 1987; 48:106 

Gianaroli L, Seracchioli R, Ferraretti AP, 
Trounson A, Flamigni C, Bovicelli L. The 
successful use of human amniotic fluid 
for mice embryo culture and human in 
vitro fertilization, embryo culture, and 
transfer. Fertil Steril. 1986; 46:907-13 

Gibbons JR, Beal WE, Krisher RL, Faber 
EG, Pearson RE, Gwazdauskas FC. 
Effects of once- versus twice-weekly 
transvaginal follicular aspiration on 
bovine oocyte recovery and embryo 
development. Theriogenology. 1994; 
42:405-19 

Gigli I, Byrd DD, Fortune JE. Effects of 
oxygen tension and supplements to the 
culture medium on activation and 
development of bovine follicles in vitro. 
Theriogenology. 2006; 66:344-53 

Gil MA, Abeydeera LR, Day BN, Vazquez 
JM, Roca J, Martinez EA. Effect of the 
volume of medium and number of 
oocytes during in vitro fertilization on 
embryo development in pigs. 
Theriogenology. 2003; 60:767-76 

Gilligan AV, Alouf CA. Air quality in the IVF 
laboratory – it’s the little things that 
matter. Fertil Mag.  2006; 5:42-3 

Ginsburg KA, Armant DR. The influence of 
chamber characteristics on the reliability 
of sperm concentration and movement 
measurements obtained by manual and 
videomicrographic analysis. Fertil Steril. 
1990; 53:882-7  

Goldenberg RL, White R. The effect of 
vaginal lubricants on sperm motility in 
vitro. Fertil Steril. 1975; 26:872-3 

Gonen Y, Dirnfeld M, Goldman S, Koifman 
M, Abramovici H. Does the choice of 
catheter for embryo transfer influence the 
success rate of in-vitro fertilization? Hum 
Reprod. 1991; 6:1092-4  

Gong Y, Dubin NH. Effect of felt-tip marking 
pens on mouse embryo growth. Fertil 
Steril. 1998; 70 (Suppl. 1):S492-3 

Goovaerts IGF, Leroy JLMR, Van Soom A, 
De Clercq JBP, Anries S, Bols PEJ. 
Effect of cumulus cell coculture and 
oxygen tension on the in vitro 
developmental competence of bovine 
zygotes cultured singly. Theriogenology. 
2009; 71:729-38 

Gorrill MJ, Rinehart JS, Tamhane AC, 
Gerrity M. Comparison of the hamster 
sperm motility assay to the mouse one-
cell and two-cell embryo bioassays as 
quality control tests for in vitro 
fertilization. Fertil Steril.1991; 55:345-54 

Goudas VT, Hammitt DG, Damario MA, 
Session DR, Singh AP, Dumesic DA. 
Blood on the embryo transfer catheter is 
associated with decreased rates of 
embryo implantation and clinical 
pregnancy with the use of in vitro 
fertilization – embryo transfer. Fertil 
Steril. 1998; 70:878-82 

Gould M. Bacterial endotoxins in serum. Art 
to Science in Tissue Culture, HyClone 
Laboratories Inc. Logan, Utah. 1985; 
4(2):3 

Gouveia N, Bremner SA, Novaes HMD. 
Association between ambient air 
pollution and birth weight in São Paulo, 
Brazil. J Epidemiol Community Health. 
2004; 58:11-7 

Graves JE, Higdon III HL, Boone WR, 
Blackhurst DW. Developing techniques 
for determining sperm morphology in 
today’s andrology laboratory. J Assist 
Reprod Genet. 2005; 22:219-25 

Graves WM, Dickey JF, McConell JC. In 
vitro development of porcine embryos. J 
Anim Sci. 1977; 45(Suppl 1):164 



QC and QA in the ART laboratory 
 

94 

Greenlee AR, Plotka ED. Endotoxin-induced 
embryotoxicity is not intensified by 
cumulus co-culture. Fertil Steril. 1994; 62 
(Suppl 1):S179-80 

Grunert GM, Dunn RC, Valdes CT, Wun CC, 
Wun WSA. Comparison of Wallace, 
Frydman DT, and Cook embryo transfer 
catheter [sic] for IVF: a prospective 
randomized study. Fertil Steril. 1998; 
70(Suppl 1):S120 

Hadek R. Alteration of pH in the sheep’s 
oviduct. Nature.1953; 171:976 

Haines CJ, Stevenson RJ, Loong EPL, Chiu 
TTY, Leung DHY. The effect on sperm 
motility of probe covers used for 
transvaginal sonography. J Assist 
Reprod Genet. 1994; 11:280-2 

Hall BV. Variations in acidity and oxidation-
reduction potential of rodent uterine 
fluids. Physiol Zool. 1936; 9:471-97 

Hall J, Gilligan A, Schimmel T, Cecchi M, 
Cohen J. The origin, effects and control 
of air pollution in laboratories used for 
human embryo culture. Hum Reprod. 
1998; 13(Suppl 4):146-55 

Han H-D, Kiessling AA. In vivo development 
of transferred mouse embryos conceived 
in vitro in simple and complex media. 
Fertil Steril. 1988; 50:159-63 

Harlow GM, Quinn P. Foetal and placental 
growth in the mouse after pre-
implantation development in vitro under 
oxygen concentrations of 5 and 20%. 
Aust J Biol Sci. 1979; 32:363-9 

Harrison KL. Embryotoxicity of micropore 
filters sterilized in ethylene oxide. Hum 
Reprod. 1997; 9(Suppl 4):142 

Harvey AJ, Kind KL, Pantaleon M, 
Armstrong DT, Thompson JG. Oxygen-
regulated gene expression in bovine 
blastocysts. Biol Reprod. 2004; 71:1108-
19 

Heape W. Preliminary note on the 
transplantation and growth of mammalian 
ova  within a uterine foster-mother. Proc 
Royal Soc London. 1890; 48:457-8 

Hearns-Stokes RM, Miller BT, Scott L, 
Creuss D, Chakraborty PK, Segars JH. 
Pregnancy rates after embryo transfer 
depend on the provider at embryo 
transfer. Fertil Steril. 2000; 74:80-6 

Hegele-Hartung C, Schumacher A, Fischer 
B. Effects of visible light and 
roomtemperature on the ultrastructure of 
preimplantation rabbit embryos: a time 

course study. Anat Embryol. 1991; 
183:559-71 

Herlong JL, Reubish K, Higdon III HL Boone 
WR. Quantitative and qualitative analysis 
of microorganisms in an assisted 
reproductive technology facility. Fertil 
Steril. 2008; 89:847-53 

Herr CM, Wright Jr RW. Cold storage of 
mouse embryos of different stages of 
development. Theriogenology. 1988a; 
29:765-70 

Herr CM, Wright Jr R. Cold culture of 
different stage mouse embryos in 
bicarbonated and bicarbonate-free 
media. Theriogenology. 1988b; 30:159-
68 

Hershlag A, Feng HL. The effect of CO2 
concentration and pH on the in-vitro 
development of mouse embryos. Fertil 
Mag. 2005; 4:21-2 

Hershlag A, Feng H, Scholl G. Betadine 
(povidone-iodine) is toxic to murine 
embryogenesis. Fertil Steril. 2003; 
79:1249-50 

Higdon III HL, Blackhurst DW, Boone WR. 
Incubator management in an assisted 
reproductive technology laboratory. Fertil 
Steril. 2008; 89:703-10 

Higdon III HL, Herlong MD, Johnson JE, 
Boone WR. In vitro culture of human 
embryos: effect of oxygen tension on 
resulting offspring. J Clin Embryol. 2009; 
12(3):11-19, vi 

Hill  DL. Role of the in vitro fertilization 
laboratory in a negative pregnancy 
outcome. Fertil Steril. 2001a; 75:249-51 

Hill D. Variability in pregnancy rates 
between physicians using the same ART 
laboratory. Reprod Med Forum (Sage Bio 
Pharma). 2001b; 1(2):1-3 

Hirao Y, Yanagimachi R. Temperature 
dependence of sperm-egg fusion and 
post-fusion events in hamster 
fertilization. J Exp Zool. 1978a; 205:433-
8 

Hirao Y, Yanagimachi R. Detrimental effect 
of visible light on meiosis of mammalian 
eggs in vitro. J Exp Zool. 1978b; 
206:365-70 

Hockberger PE, Skimina TA, Centonze VE, 
Lavin C, Chu S, Dadras S, Reddy JK, 
White JG. Activation of flavin-containing 
oxidases underlies light-induced 
production of H2O2 in mammalian cells. 
Proc Natl Acad Sci. 1999; 96:6255-60 



QC and QA in the ART laboratory 
 

95 

Holyoak GR, Wang S, Liu Y. Toxic effects of 
ethylene oxide residues on in vitro 
production of bovine embryos. 
Theriogenology. 1995; 43:237 

Holyoak GR, Wang S, Liu Y, Bunch TD. 
Toxic effects of ethylene oxide residues 
on bovine embryos in vitro. Toxicology. 
1996; 108:33-8 

Houghton FD, Hawkhead JA, Humpherson 
PG, Hogg JE, Balen AH, Rutherford AJ, 
Leese HJ. Non-invasive amino acid 
turnover predicts human embryo 
developmental capacity. Hum Reprod. 
2002; 17:999-1005 

Howell RT, McDermott A, Gregson NM. 
Syringe toxicity in amniotic fluid cultures.  
Lancet. May 14,1983:1099-1100 

Hughes MA, Anderson GB. Short-term 
storage of rabbit embryos at 4oC. 
Theriogenology. 1982; 18:275-82 

HyClone Laboratories. Laboratory lights 
induce toxic changes in media, sera and 
cells. Art to Sci. 1982; 1(3):2-5, vi 

HyClone Laboratories. Endotoxin 
contamination – is it your water? Art to 
Sci. 1984; 3(2):4-6 

HyClone Laboratories. The pHacts about 
cell culture. Art to Sci. 1987; 6(1):1-2 

Hyllner SJ, Nilsson S, Silversand C, Jin Z, 
Jin M, Svalander P. Benefits of the 
mouse embryo assay (MEA) used in 
quality control of culture media. Hum 
Reprod. 1998; 13:149-50 

IAQ TfS Action Kit. IAQ reference guide: 
appendix H – mold and moisture. 
http://www.epa.gov/iaq/schools/tfs/guide
h.html. Accessed on May 11, 2009 

Iemmolo M, Simmons L, Matson P. The 
rapid detection of cytotoxicity using a 
modified human sperm survival assay. J 
Assist Reprod Genet. 2005; 22:177-80 

Imade GE, Towobola OA, Sagy AS, Otuba 
JA. Discrepancies in sperm count using 
improved Neubauer, Makler, and 
Horwells counting chambers. Arch 
Androl. 1993; 31:17-22  

Iwamatsu T, Chang MC. Factors involved in 
the fertilization of mouse eggs in vitro. J 
Reprod Fertil. 1971; 26:197-208 

Jackson KV, Clarke RN. The development 
of a comprehensive quality assurance 
program in an assisted reproductive 
technologies (ART) laboratory using a 
computerized relational database. Fertil 
Steril. 1996; 66(Suppl):S210-11 

Jackson KV, Kiessling AA. Fertilization and 
cleavage of mouse oocytes exposed to 
the conditions of human oocyte retrieval 
for in vitro fertilization. Fertil Steril.1989; 
51:675-81 

Jequier AM. Is quality assurance in semen 
analysis still really necessary?  A 
clinician’s viewpoint. Hum Reprod. 2005; 
20:2039-42 

Jinno M, Iida E, Iizuka R. A detrimental 
effect of platelets on mouse embryo 
development. J Vitro Fertil Embryo 
Transfer. 1987; 4:324-30 

John DP, Kiessling AA. Improved pronuclear 
mouse embryo development over an 
extended pH range in Ham’s F-10 
medium without protein. Fertil Steril. 
1988; 49:150-5 

Johnson DE, Hodgen GD. Syringe-
associated toxicity of culture media on 
mouse and monkey preembryos. J Vitro 
Fertil Embryo Transfer. 1991; 8:198-201 

Johnson JE, Boone WR, Shapiro SS. 
Determination of the precision of an 
automated semen analyzer. Lab Med. 
1990; 21:33-8 

Johnson JE, Boone WR, Bernard RS. The 
effects of volatile compounds (VC) on the 
outcome of in vitro mouse embryo 
culture. Fertil Steril. 1993; 60(Suppl 
1):S98-9 

Johnson JE, Boone WR, Lee ST, Blackhurst 
DW. Using Fyrite to monitor incubator 
carbon dioxide levels. J Assist Reprod 
Genet. 1995; 12:113-7 

Johnson JE, Boone WR, Blackhurst DW.  
Manual versus computer automated 
semen analysis. Part I. Comparison of 
counting chambers. Fertil Steril. 1996a; 
65:150-5 

Johnson JE, Boone WR, Blackhurst DW.  
Manual versus computer-automated 
semen analysis. Part II. Determination of 
the working range of a computer-
automated semen analyzer. Fertil Steril. 
1996b; 65:156-9 

Johnson JE, Boone WR, Blackhurst DW. 
Manual versus computer-automated 
semen analyses: Part III. Comparison of 
old versus new design MicroCell 
chambers. Fertil Steril. 1996c: 65:446-7 

Johnson JE, Boone WR, Lee ST, Blackhurst 
DW. Using Fyrite to monitor incubator 
carbon dioxide levels. J Assist Reprod 
Gen. 1995; 12:113-7 



QC and QA in the ART laboratory 
 

96 

Johnson JE, Blackhurst DW, Boone WR. 
Can Westgard quality control rules 
determine the suitability of frozen sperm 
pellets as a control material for computer 
assisted semen analyzers? J Assist 
Reprod Genet. 2003; 20:38-45 

Jones Jr HW, Jones GS, Andrews MC, 
Acosta A, Bundren C, Garcia J, Sandow 
B, Veeck L, Wilkes C, Witmyer J, 
Wortham JE, Wright G. The program for 
in vitro fertilization at Norfolk. Fertil Steril. 
1982; 38:14-21 

Kao YK, Higdon III HL, Graves-Herring JE, 
Boone WR. Where do mouse embryos 
thrive best? Comparison of mammalian 
embryo development under varying 
laboratory environments. J South 
Carolina Acad Sci. 2009; 7(2):29-30 

Karagenc L, Sertkaya Z, Ciray N, Ulug U, 
Bahçeci M. Impact of oxygen 
concentration on embryonic development 
of mouse zygotes. Reprod Biomed 
Online. 2004; 9:409-17 

Karande V, Hazlett D, Vietzke M, Gleicher 
N. A prospective randomized comparison 
of the Wallace catheter and the Cook 
Echo-Tip catheter for ultrasound-guided 
embryo transfer. Fertil Steril. 2002; 
77:826-30 

Karande VC, Morris R, Chapman C, 
Rinehart J, Gleicher N. Impact of the 
“physician factor” on pregnancy rates in a 
large assisted reproduction technology 
program: do too many cooks spoil the 
broth? Fertil Steril. 1999; 71:1001-9  

Kasai M, Niwa K, Iritani A. Protective effect 
of sucrose on the survival of mouse and 
rat embryos stored at 0oC. 
Theriogenology. 1983; 68:377-80 

Kea B, Gebhardt J, Watt J, Westphal LM, 
Lathi RB, Milki AA, Behr B. Effect of 
reduced oxygen concentrations on the 
outcome of in vitro fertilization. Fertil 
Steril. 2007; 87:213-6 

Keck C. Fischer R, Baukloh V, Alper M. Staff 
management in the in vitro fertilization 
laboratory. Fertil Steril. 2005; 84:1786-9 

Kemeter P, Lietz K. IVF/ICSI with 5% O2 in a 
mini-incubator compared with 21% O2 in 
a conventional incubator. Cook Australia, 
Queensland, Australia. 2002:1-18 

Khabani A, Tufts K, Craig L, Soules M, Scott 
L. Cooling and warming rates in 
microdrops for embryo culture. Fertil 
Steril. 2003; 80(Suppl. 3):S292-3. 

King GB, Caldwell WE. (1963) Nitrogen and 
the atmosphere. In: College Chemistry. 
New York: American Book Company. 
1963:293-302 

Kishi J, Noda Y, Narimoto K, Umaoka Y, 
Mori T. Block to development in cultured 
rat 1-cell embryos is overcome by using 
medium HECM-1. Hum Reprod. 1991; 
6:1445-8 

Kito S, Iritani A, Bavister BD. Effects of 
volume, culture media and type of culture 
dish on in vitro development of hamster 
1-cell embryos. Theriogenology. 
1997;47:541-8 

Knasiak-Paluch D. Toxicity of plastic 
materials as evaluated by means of bull 
semen (preliminary report). Pol J 
Pharmacol Pharm. 1980; 32:109-14 

Knezevich KM, Cholewczynski VA, Wright 
KE, Compton MG, Katz E, Yazigi RA. 
Analysis of two embryo grading systems 
to determine inter- and intra-technologist 
variability: a double-blinded prospective 
study. Fertil Steril. 1998; 70(Suppl 
1):S314  

Kruger TF, Cronjé HS, Stander FSH, 
Menkveld R, Conradie E. The effect of 
surgical glove powder on cleavage of 
two-cell mouse embryos in an in vitro 
fertilization programme. South Afr Med J. 
1985; 67:241-2 

Kruger TF, Stander FSH. The effect of 
fluorescent light on the cleavage of two-
cell mouse embryos. SAMJ. 1985; 
68:744-5 

Kruip TAM, Boni R, Wurth YA, Roelofsen 
MWM, Pieterse MC. Potential use of 
ovum pick-up for embryo production and 
breeding in cattle. Theriogenology. 1994; 
42:675-84 

Kutteh WH, Chao C-H, Ritter JO, Byrd W. 
Vaginal lubricants for the infertile 
couple:effect on sperm activity. Int J 
Fertil. 1996; 41:400-4 

Lambert RD, Bernard C, Riox JE, Beland R, 
D’Amours D, Montreuil A. Endoscopy in 
cattle by the paralumbar route: technique 
for ovarian examination and follicular 
aspiration. Theriogenology. 1983; 
20:149-61  

Lane M, Baltz JM, Bavister BD. Regulation 
of intracellular pH in hamster 
preimplantation embryos by the sodium 
hydrogen (Na+/H+) antiporter. Biol 
Reprod. 1998; 59:1483-90 



QC and QA in the ART laboratory 
 

97 

Lane M, Bavister BD. Regulation of 
intracellular pH in bovine oocytes and 
cleavage stage embryos. Mol Reprod 
Dev. 1999; 54:396-401 

Lane M, Gardner DK. Effect of incubation 
volume and embryo density on the 
development and viability of mouse 
embryos in vitro. Hum Reprod. 1992; 
7:558-92  

Lane M, Mitchell M, Cashman KS, Feil D, 
Wakefield S, Zander-Fox DL. To QC or 
not to QC: the key to a consistent 
laboratory? Reprod Fertil Dev. 2008; 
20:23-32 

Langley MT, Marek DM, Doody KM, Nackley 
AC, Doody KJ. Importance of micro-drop 
temperature measurement. The Embryol 
Newsletter. 2003; 6:3-5 

Lardy HA, Phillips PH. Effect of pH and 
certain electrolytes on the metabolism of 
ejaculated spermatozoa. Amer J Physiol. 
1943; 138:741-6  

Larson JM, Mixon BA, Albin IA, Tep NL, 
Wolf DP,  Johnson A. Internal semen 
analysis proficiency testing to ensure 
inter-and intratechnician statistical 
control. Fertil Steril. 1998; 70(Suppl 
1):S317-8  

Lavy G, Diamond MP, Pellicer A, Vaughn 
WK, DeCherney AH. The effect of the 
incubation temperature on the cleavage 
rate of mouse embryos in vitro. J Vitro 
Fertil Emb Tran. 1988; 5:167-70 

Lawrence C, Léveillé M-C. The use of the 
human sperm motility assay to assess 
the toxicity of latex and non-latex gloves 
used in an IVF program. Fertil 
Steril.1999; 72(Suppl 1):S246 

Ledbeter DH, Dumars KW, Carpenter RJ, 
Caskey CT. Amniotic-fluid-cell-culture 
failure and syringe toxicity revisited. 
Amer J Hum Genet. 1982; 34:823-6 

Lee BE, Boone WR, Brackelsberg PO, 
Carmichael RA. Development of 
screening systems for evaluation of 
materials used in mammalian embryo 
transfer. Theriogenology. 1988; 30:605-
12 

Leeton J, Trounson A, Jessup D, Wood C. 
The technique for human embryo 
transfer. Fertil Steril. 1982; 38:156-61 

Legro RS, Moessner JM, Gnatuk CL, 
Dodson WC. Weekly quality control in an 
IVF lab using 2 cell mouse embryos does 
not correlate with IVF success. J Assist 
Reprod Genet. 1995; 12(Suppl):67S 

Leibo SP, Winninger D. Production of bovine 
pregnancies from embryos transported at 
0oC by air. Theriogenology. 1986; 25:165 

Lenz RW, Ball GD, Leibfried ML, Ax RL, 
First NL. In vitro maturation and 
fertilization of bovine oocytes are 
temperature-dependent processes. Biol 
Reprod. 1983; 29:173-9 

Leung PCS, Gronow MJ, Kellow GN, Lopata 
A, Speirs AL, McBain JC, du Plessis YP, 
Johnston I. Serum supplement in human 
in vitro fertilization and embryo 
development. Fertil Steril. 1984; 41:36-9 

Li H, Zhang LX, Zhong Y, Zhu K, Zhang T, 
Wang M-K. Effect of washing mineral oil 
on development of mouse embryos in 
vitro and in vivo after embryo transfer. 
Biol Reprod. 2006; Suppl:133  

Li J, Foote RH. Culture of rabbit zygotes into 
blastocysts in protein-free medium with 
one to twenty percent oxygen. J Reprod 
Fertil. 1993; 98:163-7 

Li M, Drury KC, Williams RS. Suitability of 
mouse embryos for human IVF QC: 
zygotes vs. 2-cell embryos. Fertil Steril. 
2001; 76(Suppl 1):S230 

Lichtenfels AJFC, Gomes JB, Pieri PC, El 
Khouri Miraglia SG, Hallak J, Saldiva 
PHN. Increased levels of air pollution and 
a decrease in the human and mouse 
male-to-female ratio in São Paulo, Brazil. 
Fertil Steril. 2007; 87:230-2 

Lim JM, Reggio BC, Godke RA, Hansel W. 
A continuous flow, perfusion culture 
system for 8- to 16-cell bovine embryos 
derived from in vitro culture. 
Theriogenology. 1996; 46:1441-50 

Limone LE, Shaughnessy DW, Gómez-
Ibáñez S, McDonnell SM, Bedford SJ. 
The effect of artificial vagina lubricants 
on stallion sperm motion measures and 
semen pH during cooled storage. 
Theriogenology. 2002; 58:333-6 

Lin CA, Pereira LAA, Nishioka DC, 
Conceição GMS, Braga ALF, Saldiva 
PHN. Air pollution and neonatal deaths in 
São Paulo, Brazil. Brazil J Med Biol Res. 
2004; 37:765-70 

Lindner GM, Anderson GB, BonDurant RH, 
Cupps PT. Survival of bovine embryos 
stored at 4oC. Theriogenology. 
1983;20:311-9 

Liu Z, Foote RH. Development of bovine 
embryos in KSOM with added 
superoxide dismutase and taurine and 



QC and QA in the ART laboratory 
 

98 

with five and twenty percent O2. Biol 
Reprod. 1995; 53:786-90 

Lopata A, Johnston IWH, Hoult IJ, Speirs AI. 
Pregnancy following intrauterine 
implantation of an embryo obtained by in 
vitro fertilization of a preovulatory egg. 
Fertil Steril. 1980; 33:117-20 

Lopata A, Johnston IWH, Leeton JF, 
Muchnicki D, Talbot JM, Wood C. 
Collection of human oocytes at 
laparoscopy and laparotomy. Fertil Steril. 
1974; 25:1030-8  

Lopes AS, Greve T, Callesen H. 
Quantification of embryo quality by 
respirometry. Theriogenology. 2007; 
67:21-31 

Loutradis D, John D, Kiessling AA. 
Hypoxanthine causes a 2-cell block in 
random-bred mouse embryos. Biol 
Reprod. 1987; 37:311-6 

Lu SS, Wade MG, Kelly G. Effects of 
taurine, glutamine and culture dishes on 
the in vitro development of bovine 
embryos. Theriogenology. 1999; 51:244 

Maffeo S, Brayman AA, Miller MW, 
Carstensen EL, Ciaravino V, Cox C. 
Weak low frequency electromagnetic 
fields and chick embryogenesis: failure to 
reproduce positive findings. J Anat. 1988; 
157:101-4 

Maffeo S, Miller MW, Carstensen EL. Lack 
of effect of weak low frequency       
electromagnetic fields on chick 
embryogenesis. J Anat. 1984; 139:613-8 

Magli MC, Van den Abbeel E, Lundin K, 
Royere D, Van der Elst J, Gianaroli L. 
Revised guidelines for good practice in 
IVF laboratories. Hum Reprod. 
2008;23:1253-62 

Mahadevan MM, Fleetham J, Church RB, 
Taylor PJ. Growth of mouse embryos in 
bicarbonate media buffered by carbon 
dioxide, Hepes, or phosphate. J Vitro 
Fertil Embryo Transfer. 1986; 3:304-8 

Mahmoud AM, Depoorter B, Piens N, 
Comhaire FH. The performance of 10 
different methods for the estimation of 
sperm concentration. Fertil Steril. 1997; 
68:340-5 

Maisonet M, Correa A, Misra D, Jaakkola 
JJK. A review of the literature on the 
effects of ambient air pollution on fetal 
growth. Environ Res. 2004; 95:106-15 

Malyala P, Singh M. Endotoxin limits in 
formulations for preclinical research. J 
Pharm Sci. 2008; 97:2041-4 

Mansour R, Alboulghar M, Serour G. 
Dummy embryo transfer: a technique 
that minimizes the problems of embryo 
transfer and improves the pregnancy 
rates after human in-vitro fertilization. 
Fertil Steril. 1990; 54:678-81   

Martin AH. Magnetic fields and time 
dependent effects on development. 
Bioelectromagnetics. 1988; 9:393-6 

Mastroianni Jr L, Jones R. Oxygen tension 
within the rabbit fallopian tube. J Reprod 
Fertil. 1965; 9:99-102 

Mather J, Kaczarowski F, Gabler R, Wilkins 
F. Effects of water purity and addition of 
common water contaminants on the 
growth of cells in serum-free media. 
BioTechniques. 1986; 4:56-63 

Matilsky MB, Peress MR, Licht M, Fieldsand 
S, Polak J. Analysis & management of a 
gentamycin-resistant IVF culture 
contaminant, traced from Enterococcus 
faecalis infections in males, yet visible 
only after incubation in blastocyst media 
– supports need for semen cultures 
before IVF procedures. Clin Embryol. 
2005; 8:14-7 

Mayer J, Elwood V, Mann D, Anderson R, 
Werlin L. Human zygotes toxicity study of 
surgical gloves. 47th Annual Meeting Am 
Fertil Soc. October 21-24, 1991:S146 

Mayer JF, Jones EL, Dowling-Lacey D, 
Nehchiri F, Muasher SJ, Gibbons WE, 
Oehninger SC. Total quality improvement 
in the IVF laboratory: choosing indicators 
of quality. Reprod BioMed Online. 2003; 
7:695-9 

Mayer JF, Nehchiri F, Jones EL, Weedon 
VM, Kalin HL, Lanzendorf SE, Oehninger 
SC, Toner JP, Muasher SJ. Prospective 
randomized analysis of the impact of two 
different transfer catheters on clinical 
pregnancy rates. Fertil Steril. 1999a; 
72(Suppl 1):S144 

Mayer JF, Nehchiri F, Weedon VM, Jones 
EL, Kalin HL, Oehninger SC, Toner JP, 
Gibbons WE, Muasher SJ. Prospective 
randomized crossover analysis of the 
impact of an IVF incubator air filtration 
system (Coda, GenX) on clinical 
pregnancy rates. Fertil Steril. 1999b; 72 
(Suppl 1): S42-3  

Mazzola PG, Martins AMS, Penna TCV. 
Chemical resistance of the gram-
negative bacteria to different sanitizers in 
a water purification system. BioMed 
Central Infect Dis. 2006; 6:131-42 



QC and QA in the ART laboratory 
 

99 

McDonald JA, Norman RJ. A randomized 
controlled trial of a soft double lumen 
embryo transfer catheter versus a firm 
single lumen catheter: significant 
improvements in pregnancy rates. Hum 
Reprod. 2002; 17:1502-6 

McDowell JS, Swanson RJ, Maloney M, 
Veeck L. Mouse embryo quality control 
for toxicity determination in the Norfolk in 
vitro fertilization program. J Assist 
Reprod Genet. 1988; 5:144-8 

McIlveen M, Lok FD, Pritchard J, Lashen H. 
Modern embryo transfer catheters and 
pregnancy outcome: a prospective 
randomized trial. Fertil Steril. 2005; 
84:996-1000 

McKiernan SH, Bavister BD. Environment 
variables influence in vitro development 
of hamster 2-cell embryos to the 
blastocyst stage. Biol Reprod. 1990; 
43:404-13 

McLellan ST, Panagoulopoulos C, Dickinson 
KA, Wright DL, Toth TL, Lanzendorf SE.  
Effect of incubator air filtration system on 
IVF outcomes.  Fertil Steril. 2001; 
76(Suppl 1):S103 

McLimans WF. (1972) The gaseous 
environment of the mammalian cell in 
culture. In: Rothblat GH, Cristofalo VJ, 
Eds. Growth, nutrition, and metabolism of 
cells in culture. New York: Academic 
Press, 1972:138-70 

Mehta RH, Anand Kumar TC. Traffic 
pollutants affecting male fertility. Hum 
Reprod. 2003; 18:1981 

Meriano J, Weissman A, Greenblatt EM, 
Ward S, Casper RF. The choice of 
embryo transfer catheter affects embryo 
implantation after IVF. Fertil Steril. 2000; 
74:678-82 

Merton JS, Vermeulen ZL, Otter T, Mullaart 
E, de Ruigh L, Hasler JF. Carbon- 
activated gas filtration during in vitro 
culture increased pregnancy rate 
following transfer of in vitro-produced 
bovine embryos. Theriogenology. 2007; 
67:1233-8 

Mettler L, Seki M, Baukloh V, Semm K. 
Human ovum recovery via operative 
laparoscopy and in vitro fertilization. 
Fertil Steril. 1982; 38:30-7 

Miller KF, Goldberg JM, Collins RL. The 
result of an interlaboratory comparison of 
embryo culture media is dependent on 
culture method. J Assist Reprod Gen.  
1993; Suppl:226 

Miller JW, Morgan KJ, McAlister AA, 
Johnson TY, Rong NH, Freeman MR. A 
comparison between the human sperm 
bioassay and the mouse embryo 
bioassay.  Fertil Steril. 2001; 76(Suppl 1): 
S104 

Miyamoto H, Toyoda Y, Chang MC. Effect of 
hydrogen-ion concentration on in vitro 
fertilization of mouse, golden hamster, 
and rat eggs. Biol Reprod. 1974; 10:487-
93 

Mohallem SV, de Araứjo Lobo DJ, Pesquero 
CR, Assunção JV, de Andre PA, Saldiva 
PHN, Dolhnikoff M. Decreased fertility in 
mice exposed to environmental air 
pollution in the city of São Paulo. Environ 
Res. 2005; 98:196-202 

Mohan C. Buffers. EMD Biosciences, Inc. 
2003;p13 
www.antibodybeyond.com/books/bioche
m_Buffers_Booklet_CB0052_E.pdf. 
Accessed March 15, 2010 

Moinipanah R, Anderson R, Montgomery J, 
Steinberg J, Quinn P. Higher rates of 
fertilization in vitro of human oocytes 
using a smaller volume of medium for 
coincubation of gametes. Fertil Steril. 
1994; 62(Suppl 1):S228 

Moor RM, Crosby IM. Temperature-induced 
abnormalities in sheep oocytes during 
maturation. J Reprod Fertil. 1985;75: 
467-73 

Moretti E, Capitani S, Figura N, Pammolli A, 
Grazia Federico M, Giannerini V, 
Collodel G. The presence of bacteria 
species in semen and sperm quality. J 
Assist Reprod Genet. 2009; 26:47-56  

Mortimer D, Henman MJ, Jansen RPS. 
Development of an improved embryo 
culture system for clinical human IVF. 
William A. Cook Australia, Queensland, 
Australia. 2002:1-38 

Mortimer D. A critical assessment of the 
impact of the European Union Tissues 
and Cells Directive (2004) on laboratory 
practices in assisted conception. Reprod 
BioMed Online. 2005; 11:162-76 

Mubarak AAS, Mubarak AAS. Does high 
voltage electricity have an effect on the 
sex distribution of offspring? Hum 
Reprod. 1996; 11:230-1 

Muechler EK, Graham MC, Huang K-E, 
Partridge AB, Jones K.  Parthenogenesis 
of human oocytes as a function of 
vacuum pressure. J Vitro Fertil Emb 
Trans. 1989; 6:335-7  



QC and QA in the ART laboratory 
 

100 

Murray AS, Healy DL, Rombauts L. Embryo 
transfer: hysteroscopic assessment of 
transfer catheter effects on the 
endometrium. Reprod BioMed Online. 
2003; 7:583-6 

Nagao Y, Saeki K, Hoshi M, Takahashi Y, 
Kanagawa H. Effects of water quality on 
in vitro fertilization and development of 
bovine oocytes in protein-free medium. 
Theriogenology. 1995; 44:433-44 

Nagata Y, Yoshimitsu K, Shirakawa K. 
Setting standards for the levels of 
endotoxins in the embryo culture media 
of IVF-ET. J Assist Reprod Gen. 1993; 
10(6):165 

Naglee DL, Maurer RR, Foote RH. Effect of 
osmolarity on in vitro development of 
rabbit embryos in a chemically defined 
medium. Exp Cell Res. 1969; 58:331-3 

Nagy A, Gertsenstein M, Vintersten K, 
Behringer R. Manipulating the mouse 
embryo. Cold Spring Harbor, NY: Cold 
Spring Harbor Laboratory Press. 2003 

Nakayama T, Noda Y, Goto Y, Mori T. 
Effects of visible light and other 
environmental factors on the production 
of oxygen radicals by hamster embryos. 
Theriogenology. 1994; 41:499-510 

Naz RK, Janousek JT, Moody T, Stillman 
RJ. Factors influencing murine embryo 
bioassay: effects of proteins, aging of 
medium, and surgical glove coatings. 
Fertil Steril. 1986; 46:914-9 

Nehchiri F, Boyd C, Wright D, Muasher S, 
Lanzendorf SE. The effect of the glass 
washing procedure for pipet preparation 
on fertilization and pregnancy following 
intracytoplasmic sperm injection. J Assist 
Reprod Genet. 1997; 14(Suppl 1):199S 

Niwa K, Araki M, Iritani A. Fertilization in 
vitro of eggs and first cleavage of 
embryos in different strains of mice. Biol 
Reprod. 1980; 22:1155-9 

Noda Y, Goto Y, Umaoka Y, Shiotani M, 
Nakayama T, Mori T. Culture of human 
embryos in alpha modification of Eagle’s 
medium under low oxygen tension and 
low illumination. Fertil Steril. 1994; 
62:1022-7 

O’Fallon JV, Wright Jr RW. Pyruvate 
revisited: a non-metabolic role for 
pyruvate in preimplantation embryo 
development. Theriogenology. 1995; 
43:288 

O’Neill C. Role of autocrine mediators in the 
regulation of embryo viability: lessons 

from animal models. J Assist Reprod 
Genet. 1998; 15:460-5 

O’Neill C, Gidley-Baird AA, Pike IL, 
Saunders DM. Use of a bioassay for 
embryo-derived platelet-activating factor 
as a means of assessing quality and 
pregnancy potential of human embryos. 
Fertil Steril. 1987; 47:969-75 

Ogawa T, Marrs RP. The effect of protein 
supplementation on single-cell mouse 
embryos in vitro. Fertil Steril. 1987; 
47:156-61 

Ogawa T, Ono T, Marrs RP. The effect of 
serum fractions on single-cell mouse 
embryos in vitro. J Vitro Fertil Embryo 
Transfer. 1987; 4;153-8 

Okano A, Saka N, Takahashi M, Kanai Y. 
DNA damage in early hamster embryos 
exposed to fluorescent light. 
Theriogenology. 1997; 47:310 

Olar TT. Parthenogenesis versus sub-
optimal culture conditions. J Vitro Fertil 
Emb Trans. 1991; 8:62-3 

Olds D, VanDemark NL. Physiological 
aspects of fluids in female genitalia with 
special reference to cattle – a review. 
Amer J Vet Res. 1957; 18:587-602  

Orhon E, Cincik M, Pabuccu R, Duru NK, 
Kucuk T. Using narrow band interference 
light filter (525-575 nm wavelength) 
during in vitro fertilization procedures 
enhances fertilization and cleavage 
rates. Fertil Steril. 1998; 70(Suppl 1):S16 

Otsuki J, Nagai Y, Chiba K. Peroxidation of 
mineral oil used in droplet culture is 
detrimental to fertilizaiton and embryo 
development. Fertil Steril. 2007; 88:741-3 

Otsuki J, Nagai Y, Chiba K. Damage of 
embryo development caused by 
peroxidized mineral oil and its 
association with albumin in culture. Fertil 
Steril. 2009; 91:1745-9 

Ottosen LDM, Hindkjaer J, Ingerslev J. Light 
exposure of the ovum and 
preimplantation embryo during ART 
procedures. J Assist Reprod Genet. 
2007; 24:99-103 

Outer M, DeSimone L, Beyler S. Overnight 
sperm survival is a useful indicator for 
gamete toxicity associated with syringe 
membrane filters. 50th Annual Meeting 
Am Fertil Soc. November 5-10, 1994:S47 

Ozawa M, Nagai T, Kaneko H, Noguchi J, 
Ohnuma K, Kikuchi K. Successful pig 
embryonic development in vitro outside a 
CO2 gas-regulated incubator: effects of 



QC and QA in the ART laboratory 
 

101 

pH and osmolality. Theriogenology. 
2006; 65:860-9 

Pacey AA.  Is quality assurance in semen 
analysis still really necessary? A view 
from the andrology laboratory. Hum 
Reprod. 2006; 21:1105-9 

Paluch D, Borzemska-Szymonowicz M, 
Olszewska-Blach Z. In vitro screening 
studies of the toxicological testing of 
synthetic biomaterials. Polymers Med. 
1980; 10:193-204 

Papageorgiou TC, Hearns-Stokes RM, Levi 
AJ, Frattarelli JL, McKeeby JL, 
Armstrong AY. Training providers in 
embryo transfer: the identification of a 
learning curve among reproductive 
endocrine fellows. Fertil Steril. 2000; 
74(Suppl.1):S205 

Paria BC, Dey SK. Preimplantation embryo 
development in vitro: cooperative 
interactions among embryos and role of 
growth factors. Proc Natl Acad Sci. 1990; 
87:4756-60  

Parinaud J, Reme J-M, Monrozies X, Favrin 
S, Sarramon M-F, Pontonnier G. Mouse 
system quality control is necessary 
before the use of new material for in vitro 
fertilization and embryo transfer.  J Vitro 
Fertil Embryo Transfer. 1987; 4:56-8 

Parkening TA, Chang MC. In-vitro 
fertilization of ova from senescent mice 
and hamsters. J Reprod Fertil. 1976a; 
48:381-3 

Parkening TA, Chang MC. Strain differences 
in the in vitro fertilizing capacity of mouse 
spermatozoa as tested in various media. 
Biol Reprod. 1976b; 15:647-53  

Parkening TA, Cisneros PL. Fertilization of 
Chinese hamster ova in vitro and in vivo 
and their subsequent development in 
culture. Biol Reprod. 1988; 39:409-18 

Parmegiani L, Cognigni GE, Filicori M. Ultra-
violet sterilization of liquid nitrogen prior 
to vitrification. Hum Reprod. 2009; 
24:2969 

Pavlok A. Fertilization of mouse ova in vitro. 
I. Effect of some factors on fertilization. J 
Reprod Fertil. 1968; 16:401-8 

Pennycuik PR. A comparison of the effects 
of a range of high environmental 
performances of male and female mice. 
Aust J Exptl Biol Med Sci. 1967; 45:527-
32 

Pereira LAA, Loomis D, Conceicão GMS, 
Braga ALF, Arcas RM, Kishi HS, Singer 
JM, Böhm GM, Saldiva PHN. Association 

between air pollution and intrauterine 
mortality in São Paulo, Brazil. Environ 
Health Perspect. 1998; 106:325-9 

Phillips KP, Léveillé M-C, Claman P, Baltz 
JM. Intracellular pH regulation in human 
preimplantation embryos. Hum Reprod. 
2000; 15:896-904 

Pickering SJ, Braude PR, Johnson MH Cant 
A, Currie J. Transient cooling to room 
temperature can cause irreversible 
disruption of the meiotic spindle in the 
human oocyte. Fertil Steril. 1990; 54:102-
8.  

Plante L, Bousquet D, Guay P. Effect of 
different culture conditions on in vitro 
bovine embryo development. 
Theriogenology. 1986; 25:182  

Po HN, Senozan NM. The Henderson-
Hasselbalch equation: its history and 
limitations. J Chem Ed. 2001; 78:1499-
1503 

Pocar P, Brevini-Gandolfi TAL, Navarrete 
Santos A, Perazzoli F, Cillo F, Lauria A, 
Fischer B, Gandolfi F. Mechanisms of 
PCBs toxicity during in vitro maturation of 
bovine oocytes. Theriogenology. 2000; 
53:465 

Pocar P, Perazzoli F, Lauria A, Gandolfi F. 
Effect on maturation and embryonic 
development of bovine oocyte exposure 
to PCBs during in vitro maturation. 
Theriogenology. 1999; 51:391 

Pomeroy KO, Savage W, Zimmer M, Moffitt 
DV, Mattox JH. Toxicity of lubricants on 
sperm. J Androl. 22nd Annual Meeting 
Am Soc Androl. February 22-
25,1997:P49 

Pool SH, Blakewood EG, Rorie RW, 
McFarland CW, Godke RA. Use of a 
household refrigerator for short-term 
storage of bovine embryos. 
Theriogenology. 1986; 25:18 

Pool TB. Optimizing pH in clinical 
embryology. Clin Embryol. 2004; 7(3):1-
17 

Pope CS, Cook EKD, Arny M, Novak A, 
Grow DR. Influence of embryo transfer 
depth on in vitro fertilization and embryo 
transfer outcomes. Fertil Steril. 2004; 
81:51-8 

Pope CE, Pope VZ, Beck LR. Development 
of baboon preimplantation embryos to 
post-implantation stages in vitro.  Biol 
Reprod. 1982; 27:915-23 

Practice Committee of the American Society 
for Reproductive Medicine and the 



QC and QA in the ART laboratory 
 

102 

Practice Committee of the Society for 
Assisted Reproductive Technology. 
Revised guidelines for human 
embryology and andrology laboratories. 
Fertil Steril. 2008; 90(Suppl 3):S45-S59 

Prien SD, Miller A, Roark B, Lox CD. Can 
cultured human luteinized-granulosa 
cells be used to screen media quality in 
an ART program? Fertil Steril. 1998; 
70(Suppl 1):S56-7 

Proctor Jr JG, Boone WR, Higdon III HL. 
Comparison of the manual, IVOS, and 
SCA methods for semen analysis 
reporting. American Association of 
Bioanalysts Annual Meeting, Las Vegas, 
NV. May 15-17, 2008 

Provo MB, Herr C. Washed paraffin oil 
becomes toxic to mouse embryos upon 
exposure to sunlight. Theriogenology. 
1998; 49:21 

Putney DJ, Drost M, Thatcher WW. 
Embryonic development in superovulated 
dairy cattle exposed to elevated ambient 
temperatures between days 1 to 7 
postinsemination. Theriogenology. 1988; 
30:195-209 

Quinn P, Cooke S. Equivalency of culture 
media for human in vitro fertilization 
formulated to have the same pH under 
an atmosphere containing 5% or 6% 
carbon dioxide. Fertil Steril. 2004; 
81:1502-6 

Quinn P, Harlow GM. The effect of oxygen 
on the development of preimplantation 
mouse embryos in vitro. J Exp Zool. 
1978; 206:73-80 

Quinn P, Keel BA, Serafy Jr NT, Serafy NT, 
Schmidt Jr CF, Horstman FC. Results of 
the American Association of Bioanalysts 
(AAB) embryology proficiency testing 
(PT) program. Fertil Steril. 1998; 
70(Suppl 1):S100 

Quinn P, Kerin JF, Warnes GM. Improved 
pregnancy rate in human in vitro 
fertilization with the use of a medium 
based on the composition of human tubal 
fluid. Fertil Steril. 1985; 44:493-8 

Quinn P, Margalit R. Interaction between 
glucose, phosphate, EDTA and 
glutamine and the progression of zygotes 
from outbred CF1 mice through the 2-cell 
block to expanded blastocysts. Fertil 
Steril. 1996; 66:S140-1 

Quinn P, Warnes GM, Kerin JF, Kirby C. 
Culture factors in relation to the success 

of human in vitro fertilization and embryo 
transfer. Fertil Steril. 1984; 41:202-9 

Rauth AM. Effects of ultraviolet light on 
mammalian cells in culture. In: Ebert M, 
Howard A, Eds. Current topics in 
radiation research. Amsterdam: North-
Holland Publishing Company. 1970:195-
248 

Ray BD, McDermott A, Wardle PG, Corrigan 
E, Mitchell JD, McLaughlin EA, Sykes 
JAC, Foster PA, Hull MGR. In vitro 
fertilization: fertilization failure due to 
toxic catheters. J Vitro Fertil Embryo 
Transfer. 1987; 4:58-61 

Reed ML, Lalonde ARL, Kraemer DC. 
Effects of increased embryo/volume 
ratios and Solcoseryl® product addition 
on murine zygote development. 
Theriogenology. 1989; 31:246  

Revel A, Revel-Vilk S, Aizenman E, Porat-
Katz A, Safran A, Ben-meir A, Weintraub 
M, Shapira M, Achache H, Laufer N. At 
what age can human oocytes be 
obtained? Fertil Steril. 2009;92:458-63 

Rhodes TL, Higdon III HL, Boone WR. 
Comparison of pregnancy rates for two 
embryo-transfer catheters. Fertil Steril. 
2007; 87:411-6 

Rhodes TL, McCoy TP, Higdon III HL, 
Boone WR. Factors affecting assisted 
reproductive technology (ART) 
pregnancy rates: a multivariate analysis. 
J Assist Reprod Genet. 2005; 22:335-46 

Richardson ME, Bernard RS, Hann BR, 
Johnson JE. Investigation into complaints 
of in vitro embryo mortality due to toxic 
ambient culture room conditions. Bull S C 
Acad Sci. 1996; 58:134-5 

Richardson ME, Trapp AC, Bernard RS. The 
effect of residual paint fumes on murine 
embryonic development. Bull S C Acad 
Sci. 1997; 59:131  

Rieger D. Basic issues in the culture of 
human embryos. Fertil Mag. 2006; 5:38-
40 

Rinaudo PF, Schultz RM. Effects of different 
oxygen concentration on global patterns 
of gene expression in mouse 
preimplantation embryos. J Soc Gyn 
Invest. 2005; 12(Suppl):329 

Rinehart JS, Bavister BD, Gerrity M. Quality 
control in the in vitro fertilization 
laboratory: comparison of bioassay 
systems for water quality. J Vitro Fertil 
Embryo Trans. 1988; 5:335-42 



QC and QA in the ART laboratory 
 

103 

Rivera RM, Kelley KL, Erdos GW, Hansen 
PJ. Alterations in ultrastructural 
morphology of two-cell bovine embryos 
produced in vitro and in vivo following a 
physiologically relevant heat shock. Biol 
Reprod. 2003; 69:2068-77 

Robertson JL, Minhas BS, Palmer TV, 
Ansari TS, Dodson MG. The absorption 
of ultraviolet light by the addition of para-
amino benzoic acid to nutrient media 
used in in vitro fertilization. 
Theriogenology. 1988; 29:298 

Rocha e Silva IR, Lichtenfels AJFC, Pereira 
LAA, Saldiva PHN. Effects of ambient 
levels of air pollution generated by traffic 
on birth and placental weights in mice. 
Fertil Steril. 2008; 90:1921-4 

Rogers JF, Thompson SJ, Addy CL, 
McKeown RE, Cowen DJ, Decouflé P. 
Association of very low birth weight with 
exposures to environmental sulfur 
dioxide and total suspended particulates. 
Am J Epidemiol. 2000; 151:602-13  

Roseboom TJ, Schoute E, Lens JW, 
Vermeiden JPW, Schoemaker J. Intra- 
and inter-observer variation in embryo 
scoring. Hum Reprod. 1994; 9:145-6  

Rosenlund B, Sjöblom P, Hillensjö T. 
Pregnancy outcome related to the site of 
embryo deposition in the uterus. J Assist 
Reprod Genet. 1996; 13:511-3 

Ross RN, Graves CN. O2 levels in the 
female rabbit reproductive tract. J Anim 
Sci. 1974; 39:994 

Rubes J, Zudova D, Selevan SG, Evenson 
DP, Perreault SD. Longitudinal study of 
semen quality after intermittent exposure 
to air pollution. J Androl. 2002; Suppl:44 

Saeki K, Nagao Y, Hoshi M, Nagai M. 
Effects of water quality on bovine in vitro 
fertilization in a protein-free medium. J 
Assist Reprod Gen. 1993; 10(6):230 
Sakkas D, Gardner DK. Noninvasive 
methods to assess embryo quality. Cur 
Opinion Obstet Gyn. 2005; 17:283-8 

Salahuddin S, Ookutsu S, Goto K, Nakanishi 
Y, Nagata Y. Effects of embryo density 
and co-culture of unfertilized oocytes on 
embryonic development of in-vitro 
fertilized mouse embryos. Hum Reprod. 
1995; 10:2382-5 

Sallam HN, Farrag A, Ezzeldin F, Agameya 
A, Sallam AN. Vigorous flushing of the 
cervical canal prior to embryo transfer – 
a prospective randomized study. Fertil 
Steril. 2000; 74(Suppl 1):S203  

Sallam HN, Agameya AF, Rahman AF, 
Ezzeldin F, Sallam AN. Impact of 
technical difficulties, choice of catheter, 
and the presence of blood on the 
success of embryo transfer – experience 
from a single provider. J Assist Reprod 
Genet. 2003; 20:135-42 

Sapatino BV. Falcon tissue culture labware. 
Tissue Culture. 1981; 7:34-7 

Sauer MV, Francis M, Macaso T, Paulson 
RJ. The effect of chemiluminescent light 
exposure on the in vitro development of 
mouse embryos. J Vitro Fertil Emb 
Trans. 1991; 8:290-2 

Schenk SL. Das Saugethierei kunstlick 
befruchtet außerhalb des 
muttererthieres. Mitt Embr Inst K K Univ 
Wien. 1880; 1:107. As cited by Brinster 
RL. In vitro cultivation of mammalian ova. 
Raspe G, Ed., Adv Biosci. Volume 4. 
New York: Pergamon Press. 1970:199-
233 

Schiewe MC, Schmidt PM, Bush M, Wildt 
DE. Toxicity potential of absorbed-
retained ethylene oxide residues in 
culture dishes on embryo development in 
vitro. J Anim Sci. 1985; 60:1610-8 

Schiewe MC, Schmidt PM, Wildt DE, Rall 
WF. Quality control measures in an 
embryo research program. 
Theriogenology. 1990; 33:9-22 

Schneider U. In vitro development and 
hatching of mouse embryos in protein-
free medium. Theriogenology. 1986; 
25:196  

Schumacher A, Fischer B. Influence of 
visible light and room temperature on cell 
proliferation in preimplantation rabbit 
embryos. J Reprod Fertil. 1988; 84:197-
204 

Schumacher A, Kesdogan J, Fischer B. 
DNA ploidy abnormalities in rabbit 
preimplantation embryos are not 
increased by conditions associated with 
in vitro culture. Mol Reprod Dev. 1998; 
50:30-4.  

Schwimer SR, Rothman CM, Lebovic J, Oye 
DM. The effect of ultrasound coupling 
gels on sperm motility in vitro. Fertil 
Steril. 1984; 42:946-7 

Scott CA, Robertson L, de Moura RTD, 
Paterson C, Boyd JS. Technical aspects 
of transvaginal ultrasound-guided 
follicular aspiration in cows. Vet Rec. 
1994; 134:440-3  



QC and QA in the ART laboratory 
 

104 

Scott Jr RT, Miller K, Frattarelli JL, Burns D. 
Metabolomic screening through long 
wave length near infrared 
biospectroscopy of spent embryo culture 
media predicts human embryonic 
reproductive potential – a prospective 
blinded study. Fertil Steril. 2007; 
88:(Suppl 2):S67 

Scott LF, Sundaram SG, Smith S. The 
relevance and use of mouse embryo 
bioassays for quality control in an 
assisted reproductive technology 
program. Fertil Steril. 1993; 60:559-68 

Scott RT, Miller K, Picnic S, Rosendahl S, 
Massey JB, Burns D. A prospective 
blinded evaluation of the relationship 
between metabolomic profiling of spent 
embryo culture media and human 
embryonic reproductive potential. Fertil 
Steril. 2006; 86(Suppl 1):S235  

Seaman EK, Goluboff E, BarChama N, 
Fisch H. Accuracy of semen counting 
chambers as determined by the use of 
latex beads. Fertil Steril. 1996; 66:662-5  

Seidel Jr GE, Seidel SM, Bowen RA. Bovine 
embryo transfer procedures. Colorado 
State Univ Expt Sta General Series 975. 
1980:1-34 

Seli E, Botros L, Sakkas D, Burns DH.  
Noninvasive metabolomic profiling of 
embryo culture media using proton 
nuclear magnetic resonance correlates 
with reproductive potential of embryos in 
women undergoing in vitro fertilization.  
Fertil Steril. 2008; 90:2183-9 

Seli E, Sakkas D, Behr B, Nagy P, Kwok JS, 
Burns DH.  Non-invasive metabolomic 
profiling of embryo culture media using 
Raman and near-infrared spectroscopy 
correlates with reproductive potential of 
embryos in women undergoing in vitro 
fertilization. Fertil Steril. 2007; 88:1350-7   

Sertich PL, Love LB, Hodgson MR, Kenney 
RM. 24-hour cooled storage of equine 
embryos. Theriogenology. 1988; 30:947-
52 

Shi DS, Avery B, Greve T. Effects of 
temperature gradients on in vitro 
maturation of bovine oocytes. 
Theriogenology. 1998; 50:667-74 

Shimada M, Kawano N, Terada T. Delay of 
nuclear maturation and reduction in 
developmental competence of pig 
oocytes after mineral oil overlay of in 
vitro maturation media. Reproduction. 
2002; 124:557-64  

Shimonovitz S, Yagel S, Zacut D, Ben 
Chetrit A, Ever-Hadani P, Har-Nir R, Ron 
M. Ultrasound transmission gel in the 
vagina can impair sperm motility. Hum 
Reprod. 1994; 9:482-3 

Shiran E, Stoller J, Blumenfield Z, Feigin 
PD, Makler A. Evaluating the accuracy of 
different sperm counting chambers by 
performing strict counts of photographed 
beads. J Assist Reprod Genet. 1995; 
12:434-42 

Slott V, Borkovec L, Rubes J, Zudova Z, 
Hajnova R, Selevan S, Ratcliffe J, 
Evenson D, Perreault S. Relationships 
between semen quality and air pollution 
in the Czech Republic. J Androl. 1995; 
Suppl:P43 

Snyman E, Van der Merwe JV. Endotoxin-
polluted medium in a human in vitro 
fertilization program. Fertil Steril. 1986; 
46:273-6 

Sokoloski JE, Wolf DP. Laboratory details in 
an in vitro fertilization and embryo 
transfer program. In: Wolf DP, Quigley 
MM, Eds. Human in vitro fertilization and 
embryo transfer. New York: Plenum 
Publishing Corporation. 1984:275-296 

Spandorfer SD, Goldstein J, Navarro J, 
Veeck L, Davis OK, Rosenwaks Z. 
Difficult embryo transfer has a negative 
impact on the outcome of in vitro 
fertilization. Fertil Steril. 2003; 79:654-5 

Spyropoulou I, Karamalegos C, Bolton VN. 
A prospective randomized study 
comparing the outcome of in-vitro 
fertilization and embryo transfer following 
culture of human embryos individually or 
in groups before embryo transfer on day 
2. Hum Reprod. 1999; 14:76-9 

Squirrell JM, Wokosin DL, White JG, 
Bavister BD. Long-term two-photon 
fluorescence imaging of mammalian 
embryos without compromising viability. 
Nat Biotech. 1999; 17:763-7 

Stokes PJ, Abeydeera LR, Leese HJ. 
Development of porcine embryo in vivo 
and in vitro: evidence for embryo ‘cross 
talk’ in vitro. Dev Biol. 2005; 284:62-71     
Stránská E, Mandys V, Waitzová D. On 
toxicity question of synthetic polymers 
and their extracts tested in vitro and in 
vivo. Polymers Med. 1981; 11:27-36 

Suzuki S, Mastroianni L. In vitro fertilization 
of rabbit ova in tubal fluid. Amer J Obstet 
Gyn. 1965; 93:465-71 



QC and QA in the ART laboratory 
 

105 

Svalander PC, Olovsson M, Holmes PV. 
Mycotoxin effects on in vitro 
preimplantation embryo development. J 
Assist Reprod Genet. 1994; 11:172-5 

Svalander PC. Myco-contamination of 
incubators used for human pre-embryo 
culture. Fertil Steril. 1991; 56:1207-8 

Swain JE, Pool TB, Takayama S, Smith GD. 
Microfluidics in ART: current progress 
and future directions. In: Gardner DK, 
Weissman A, Howles C, Shoham Z, Eds. 
Textbook of Assisted Reproductive 
Technologies. Boca Raton, FL: Informa 
Healthcare. 2009:843-58 

Takahashi M, Saka N, Takahashi H, Kanai 
Y, Schultz RM, Okano A. Assessment of 
DNA damage in individual hamster 
embryos by comet assay. Mol Reprod 
Dev. 1999; 54:1-7 

Tanphaichitr N, Johnson F, Leveille MC, 
Lawrence C, Barbera L. Use of an organ 
culture dish insert for microinsemination 
and egg/embryo microculture. J Assist 
Reprod Genet. 1993; 10(Suppl):302       

Tervit HR, Whittingham DG, Rowson LEA. 
Successful culture in vitro of sheep and 
cattle ova. J Reprod Fert. 1972; 30:493-7 

Thompson JG. Defining the requirements for 
bovine embryo culture. Theriogenology. 
1996; 45:27-40 

Thompson JGE, Simpson AC, Pugh PA, 
Donnelly PE, Tervit HR. Effect of oxygen 
concentration on in-vitro development of 
preimplantation sheep and cattle 
embryos. J Reprod Fertil. 1990; 89:573-8 

Thouas GA, Jones GM, Lewis IM, Moore L. 
Embryo-toxicity of disposable glass 
capillaries. Theriogenology. 2000; 53:366 

Trounson AO, Leeton JF, Wood C, Webb J, 
Kovacs G. The investigation of idiopathic 
infertility by in vitro fertilization. Fertil 
Steril. 1980; 34:431-8 

Trounson AO, Willadsen SM, Rowson LEA, 
Newcomb R. The storage of cow eggs at 
room temperature and at low 
temperatures. J Reprod Fertil. 1976; 
46:173-8 

Turczynski C, Frilot C, Sartor S, Webster B, 
Marino A. Electro-magnetic fields: a 
quality control issue for the IVF 
laboratory. Embryol Newsletter. 1997; 
Fall:2-11, vi 

Ulberg LC. The influence of high 
temperature on reproduction. J Heredity. 
1958; 49:62-4 

Ulberg LC, Burfening PJ. Embryo death 
resulting from adverse environment on 
spermatozoa or ova. J Anim Sci. 1967; 
26:571-7 

Umaoka Y, Noda Y, Nakayama T, Narimoto 
K, Mori T, Iritani A. Effect of visual light 
on in vitro embryonic development in the 
hamster. Theriogenology. 1992; 38:1043-
54 

Urman B, Aksoy S, Alatas C, Mercan R, 
Nuhoglu A, Isiklar A, Balaban B. 
Comparing two embryo transfer 
catheters: use of a trial transfer to 
determine the catheter applied. J Reprod 
Med. 2000; 45:135-8 

Vajta G, Korösi T, Du Y, Nakata K, Ieda S, 
Kuwayama M, Nagy ZP. The Well-of-the-
Well system: an efficient approach to 
improve embryo development. Reprod 
BioMed Online. 2008; 17:73-81 

van de Pas MMC, Weima S, Looman CWN, 
Broekmans FJM. The use of fixed 
distance embryo transfer after IVF/ICSI 
equalizes the success rates among 
physicians. Hum Reprod. 2003; 18:774-
80 

Van den Abbeel E, Vitrier S, Lebrun F, Van 
Steirteghem A. Optimized mouse 
bioassays for the detection of 
embryology contaminants. Hum Reprod. 
1999; 14(Suppl 1):114 

Van den Bergh M, Emiliani S, Biramane J, 
Vannin A-S, Englert Y. Randomized 
autocontrolled comparison of the embryo 
culture performance of Nunc and Falcon 
petri dishes. J Assist Reprod Genet. 
1999; 16:306-9 

Van der Auwera I, D’Hooghe TM. 
Ultrasound covers and sonographic gels 
are embryo-toxic and could be replaced 
by non-toxic polyethylene bags and 
paraffin oil. Hum Reprod. 1998; 13:2234-
7 

Van Weering HGI, Schats R, McDonnell J, 
Vink JM, Vermeiden JPW, Hompes PGA. 
The impact of the embryo transfer 
catheter on the pregnancy rate in IVF. 
Hum Reprod. 1991; 6:666-70 

Veeck LL, Wortham Jr JWE, Witmyer J, 
Sandow BA, Acosta AA, Garcia JE, 
Jones GS, Jones Jr HW. Maturation and 
fertilization of morphologically immature 
human oocytes in a program of in vitro 
fertilization. Fertil Steril. 1983; 39:594-
602 



QC and QA in the ART laboratory 
 

106 

Vishwakarma P. The pH and bicarbonate-
ion content of the oviduct and uterine 
fluids. Fertil Steril. 1962; 13:481-5 

Visser DS, Fourie FL, Kruger HF. Multiple 
attempts at embryo transfer: effect on 
pregnancy outcome in an in-vitro 
fertilization and embryo transfer program. 
J Assist Reprod Gen. 1993; 10:37-43 

von Wyl S, Bersinger NA. Air quality in the 
IVF laboratory: results and survey. J 
Assist Reprod Gen. 2004; 21:347-8 

Wagner-Coughlin CM, Maravilla AE, Nikurs 
AR, Scoccia B, Scommegna A, Marut 
EL. Microdroplets under oil improves 
embryo quality even when an isolette is 
used. Fertil Steril. 1994; 62(Suppl 
1):S177 

Wallace GA, Jackson KV, Nureddin A, 
Sanon G, Clarke RN. The effects of inter-
technologist variability on media 
production and human in vitro fertilization 
and embryo transfer (IVF/ET) and the 
correlation with the mouse 1-cell assay. 
Fertil Steril. 1991; 56:S146-7 

Wamil BD, Holcomb RR, Wamil AW, Rogers 
BJ, McLean MJ. Effect of static magnetic 
fields on human sperm penetration. Fertil 
Steril. 1992; 58:S166 

Wang W-H, Meng L, Hackett RJ, 
Oldenbourg R, Keefe DL. Rigorous 
thermal control during intracytoplasmic 
sperm injection stabilizes the meiotic 
spindle and improves fertilization and 
pregnancy rates. Fertil Steril. 2002; 
77:1274-7 

     
Wataha JC, Lockwood PE, Lewis JB, 

Rueggeberg FA, Messer RLW. Biological 
effects of blue light from dental curing 
units. Dental Mat. 2004; 20:150-7 

Waterstone J, Curson R, Parsons J. Embryo 
transfer to low uterine cavity. Lancet. 
1991; 337:1413 

Waymouth C. Osmolality of mammalian 
blood and of media for culture of 
mammalian cells. In Vitro. 1970; 
6(2):109-27 

Weiss TJ, Warnes GM, Gardner DK. Mouse 
embryos and quality control in human 
IVF. Reprod Fertil Dev.1992; 4:105-7  

Wells EF, Loskutoff NM, Reed ML, Nemec 
LA, French LL, Kraemer DC. Reduced 
embryo viability associated with specific 
micropore filters used for medium 
sterilization. Theriogenology. 1988; 
29:324  

Whitten WK. Culture of tubal mouse ova. 
Nature (London). 1956; 177:96 

Whitten WK. Nutrient requirements for the 
culture of preimplantation embryos in 
vitro. Adv Bio Sci. 1971; 6:129-41 

Whitten WK, Biggers JD. Complete 
development in vitro of the pre-
implantation stages of the mouse in a 
simple chemically defined medium. J 
Reprod Fertil. 1968; 17:399-401 

Whittingham DG. Culture of mouse ova. J 
Reprod Fertil. 1971; 14 (Suppl):7-21 

WHO laboratory manual for the examination 
and processing of human semen. 
Geneva, Switzerland: WHO Press. 2010 

Wiley LM, Yamami S, Van Muyden D. Effect 
of potassium concentration, type of 
protein supplement, and embryo density 
on mouse preimplantation development 
in vitro. Fertil Steril. 1986; 45:111-9 

Winston NJ, Johnson MH. Can the mouse 
embryo provide a good model for the 
study of abnormal cellular development 
seen in human embryos? Hum Reprod. 
1992; 7:1291-6 

Wisanto A, Janssens R, Deschacht J, 
Camus M, Devroey P, Van Steirteghem 
AC. Performance of different embryo 
transfer catheters in a human in vitro 
fertilization program. Fertil Steril. 1989; 
52:79-84 

Wood EG, Batzer FR, Go KJ, Gutmann JN, 
Corson SL. Ultrasound-guided soft 
catheter embryo transfers will improve 
pregnancy rates in in-vitro fertilization. 
Hum Reprod. 2000; 15:107-12 

Worrilow KC, Huynh HT, Bower JB, 
Schillings WJ. Dissection of the high 
velocity air control (HVAC) system 
serving the in vitro fertilizaiton (IVF) 
laboratory: the impact of ultraviolet-c 
band (UVC) irradiation on clinical 
pregnancy rates (CPR). Fertil Steril. 
2007; 88(Suppl 1):S89 

Worrilow KC, Huynh HT, Gwozdziewicz JB, 
Schillings WA, Peters AJ. A retrospective 
analysis: the examination of a potential 
relationship between particulate (P) and 
volatile organic compound (VOC) levels 
in a class 100 IVF laboratory cleanroom 
(CR) and specific parameters of 
embryogenesis and rates of implantation 
(IR). Fertil Steril. 2001; 76(Suppl 1):S15-
6 



QC and QA in the ART laboratory 
 

107 

Wright Jr RW. Successful culture in vitro of 
swine embryos to the blastocyst stage. J 
Anim Sci. 1977; 44:854-8 

Wright Jr RW. Effect of lubricants developed 
for fertility markets on in vitro Fertilization 
and embryo development. J Andro. 2009; 
30(Suppl 1):50 

Wright Jr RW, Bondioli KR. Aspects of in 
vitro fertilization and embryo culture in 
domestic animals. J Anim Sci. 1981; 
53:702-29 

Wright Jr RW, Watson JG, Chaykin S. 
Factors influencing the in vitro hatching 
of mouse blastocysts. Anim Reprod Sci. 
1978; 1:181-8 

Yamauchi Y, Yanagimachi R, Horiuchi T. 
Full-term development of golden hamster 
oocytes following intracytoplasmic sperm 
head injection. Biol Reprod. 2002; 
67:534-9  

Yeung QSY, Briton-Jones CM, Tjer GCC, 
Chiu TTY, Haines C. The efficacy of test 
tube warming devices used during 
oocyte retrieval for IVF. J Assist Reprod 
Gen. 2004; 21:355-60 

Zabojszcz W, Zalewski W, Koziorowska J. 
Comparison of three methods of toxicity 
evaluation of medical plastics. Pol J 
Pharmacol Pharm. 1980; 32:99-102 

 
 

Zakari AY, Molokwu ECI, Osori DIK. Effects 
of rectal and ambient temperatures and 
humidity on conception rates. 
Theriogenology. 1981; 16:331-6 

Zaninovic N, Liotta D, Cook CA, Veeck LL, 
Rosenwaks Z. Effect of ultraviolet (UV) 
light on human spermatozoa and 
development of human conceptuses 
derived from these spermatozoa after 
ICSI. Fertil Steril. 1999; 72(Suppl 
1):S223 

Zervins A. Chick embryo development in a 
26-KHz electromagnetic field. Am Ind 
Hygiene Assoc J. 1973; 34:120-7 

Zhao Y, Chauvet PJ-P, Alper SL, Baltz JM. 
Expression and function of 
bicarbonate/chloride exchangers in the 
preimplantation mouse embryo. J Biol 
Chem. 1995; 270:24428-34 

Zusman I, Yaffe P, Pinus H, Ornoy A. 
Effects of pulsing electromagnetic fields 
on the prenatal and postnatal 
development in mice and rats: in vivo 
and in vitro studies. Teratology. 1990; 
42:157-70 

 
 
 
 
 
 

 
 
 
 

 


