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Purpose: To evaluate the assumptions on which the American College of Medical Genetics (ACMG) Standards and 

Guidelines for detecting mosaicism in amniotic fluid cultures are based. Methods: Data from 653 cases of amni- 

otic fluid mosaicism were collected from 26 laboratories. A chi-square goodness-of-fit test was used to compare 

the observed number of mosaic cases with the expected number based on binomial distribution theory. Results: 

Comparison of observed data from the in situ colony cases with the expected distribution of cases detected based 

on the binomial distribution did not reveal a significant difference (P = 0.525). Conclusions: The empirical data 

fit the binomial distribution. Therefore, binomial theory can be used a s  an initial discussion point for determining 

whether ACMG Standards and Guidelines are adequate for detecting mosaicism. Genetics in Medicine, 

1999;1(3):94-97 
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INTRODUCTION 
Hook' published tables indicating the number of cells (or 

colonies in situ) that must be counted to exclude a specified per- 
cent mosaicism with 90%, 95%, and 99% confidence. His tables 
are based on an application of the binomial distribution to the 
problem of cytogenetically evaluating cultures by counting a 
prescribed number of metaphases. Use of binomial theory 
assumes that 1) the probability of mosaicism is constant, 2) the 
colonies that grow from the cells in the amniotic fluid can be 
considered inde~enden t ,~  and 3) the cells examined represent 
a random sample of all the cells that could have been collected. 

Frorn the 'Boys Town Natronal Research Hosprtal. Omaha,  Nebraska; 'Henry Ford Hosprtal. 

Detroit, M~chzgan; 'Centers for Drsease Control and Prevention, Atlanta, Georgra; IMichigan 

State Unrversrt),, East Lansrng; 'Brlghanr and Worne~r's Hosf !tul/Hurvard iCIedr'-(~l SC-hool. 

Boston. Massachusetts; VeneCare hfedrcal Genetrcs Center. Clii~pel Hill. North Cc~rolirra; ?Linr- 

versrty of Alabamn, Blrrnrnghanr; Vuborntorres for Genetrr- Services. lnc., Horrston, Te.~as; 

'Mayo Chnrcs, Rochester, Mtnnesotu; '"U~rrt'ersrty ofMrarni, Florida; "Oshnwa General Hos- 

p ital. Oshawa. Ontario, Canada; "Butterworth Hosprtal. Grand Rap~ds,  Michrgan; "Pretru- 

tal Dragnosis Laboratories o f N e w  York G t y ;  '"Southern Californrn Permntrunte, Los A~~geles .  

Calrfornia; riDynacare. Seattle, Washington; '"Children's Hospital-Salt D i q o .  Cnllfornrn; 

"Emory Universtty, Atlanta. Georgia; '"Georgetown Universrty, Washington, DC; '"Universit)~ 

ofloiva, lo1+vi City; 2"Reprodrlctrve Genetics Center, PC, Denver, Colorado; "Bowmati Gray 

School ofMedrcrne, "Bo~r,man Gray School of Medtc~ne, Wirrstofr-Salenr, Nortlr Carolitla [cur- 

If a laboratory counts one cell per colony, then 15 cells equals 
15 colonies, and in further discussions, we will use the term 
"cells" to represent colonies in situ. 

The 1994 "Standards and Guidelines: Clinical Genetics Lab- 
oratories" produced by the Laboratory Practice Committee of 
the American College of Medical Genetics recommends count- 
ing "a minimum of 20 cells, distributed as equally as possible 
between at least two independently established cultures" (Sec- 
tion E4.1.3. I, p. 13) for the Flask technique and "a minimum of 
15 cells from at least 15 colonies (10 cells if 15 are not available), 
distributed as equally as possible between at least two indepen- 
dently established cultures" (Section E4.1.3.2, p. 14) for the in 
situ technique. A related set of guidelines was published by Hsu 
et al.3 

Laboratory directors today are in a dilemma between the need 
to increase laboratory efficiency (especially in the current cli- 
mate of healthcare financing) and the necessity to provide as 
accurate information as possible to the referring physician and, 
ultimately, the patient. Two other clinical/laboratory concerns 
are 1) whether the nonmodal cell line detected is associated with 
a known (and presumably abnormal) phenotype and 2) whether 
there is a sufficient percentage of cells with the abnormal kary- 
otype to produce a clinically significant phenotype. 
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of the project first by word of mouth and then via open meet- 
ings held during the annual meetings of the American Society 
of Human Genetics in 1995 and American College of Medical 
Genetics in 1996. Laboratory directors provided data vi'l two 
sets of inclusion forms: the CYT02000 "Matrix" form and the 
CYT02000 Amniotic Fluid Mosaicism "Data" For111 (available 
at http:llwww.faseb.org/geneticslacn~gl cyto20001prtmf.hti11 
and http://www.faseb.org/genetics/ac111g/ cyto2000/prafi11f.htm, 
respectively). The Matrix form asked for the number of true 
mosaics as defined by the laboratory director and the total num- 
ber of cultures performed by that laboratory for different tis- 
sues between the years 1990 through 1995, inclusive. The Data 
form asked for information relating to each specific case of amni- 
otic fluid mosaicism in addition to the identification of the lab 
and case, date and type of study, protocol used, ISCN karyotype, 
and the total number of cells seen and analyzed. For each cell 
line reported, we asked for 1)  the total number of cells with that 
karyotype, 2) the cell count number at which the cell line was 
first detected, and 3 )  the cell count number at which the cell line 
was first confirmed. This analysis is concerned with the detec- 
tion (not the confirmation) of the second cell line. 

[A note on nomenclature: By definition, Type 3 mosaicism" 
occurs when two or more cell lines are in separate cultures from 
a sample and all cell lines must have two or more cells with the 
same karyotype. Mosaicism is first suspected upon detection of 
a cell with a different karyotype than the first line (item "2," 
above). Mosaicism is not confirmed until other cells with the 
second karyotype are observed (item "3," above).] 

A chi-square goodness-of-fit test was used to compare the 
observed number of mosaic cases detected by the 15th cell 
counted with the expected number based on binomial distrib- 
ution theory. To perform this test for the in situ results, the 
observed data were first stratified (according to calculated per- 
centage mosaicism) into six groups corresponding to the fol- 
lowing percentage point intervals with the indicated medians: 
(0-101, median 8.00; (10-1 51, median 13.33; ( 15-20], ~nedian 
17.86; (20-301, median 25.64; (30-401, median 35.71; and 
(40-501, median 45. Brackets indicate inclusion of the adjacent 
number, and parentheses indicate exclusion of the adjacent num- 
ber. Although different laboratories may have used different 
stopping rules, the observed number of detected mosaic cases 
in each stratum (for use in the goodness-of-fit calculations) was 
chosen as the actual number of mosaic cases detected by the 
15th cell counted. (Note: A 15 cell counting rule implies 1) if no 
change in cell line is detected by the 15th cell counted, then 
counting stops; or 2) if a different cell line is detected by the 
15th cell counted, counting will continue until a mosaic case is 
confirmed. Thus, if a confirmed mosaic case was not detected, 
for example, until the 18th cell counted, this confirmed case was 
not considered a detected case by the 15th cell counted. Con- 
firmed cases with less than 15 total cells counted were included, 
because these cases were detected by the 15th cell counted.) The 
theoretic expected number of mosaic cases in each stratum 
detected by the 15th cell counted (for use in the goodness-of- 
fit calculations) was based on binomial theory and the actual 
number of confirmed cases in the corresponding stratum. Thus, 
the expected number of mosaic cases in stratum i (i = 1,2,. . .,6) 

detected by the 15th cell counted (N,, cl,L, was co1111)uted 

as follows: 

N d ~ ~ i ~ \ p ( 1 5 ~ ~ )  - 

[ - ( ( I  P M O S ( ~ ) ) ~ ~  + ( P h l C l ~ l l j ~ " ) l  N l c c m h r l l i l l i i  ( 1 )  

where P,,,lO,i,, and N( l h l l l l  ,,,, are the observed 111edian propor- 
tion mosaicism and the number of confirmed mobaic cases, 
respectively, for stratum i. Assun~i~lg no false positive results, 
Ni~,,,,ir,,l,,,, will always be less than or eclual to the true number 
(Nt,,,,,,) of mosaic cases for stratum 1 and the difference between 
Ni ',,,, t i r , , r ( l , l  and N,,, ,,,,, will increase as Phlc , f i l l  decreases. Thus, 
the chi-square test should be liberal (i.e., more likely to indicate 
a deviation from the binon~ial distribution than if N,,,,,,, were 
known). 

Once we confirmed that the observed data fit a binomial dis- 
tribution, we performed calculations to estimate the expected 
true number of mosaic cases in the it'' stratum (N,,,l,,,,p,, ,,) based 
on the assumption that detected cases were based on 15 cell 
counts. This estimate was obtained as: 

where Ndct loh(I I )  is the actual number of mosaic cases detected 
by the 15th cell counted for stratum i, and where Phlusi1, is defined 
as in equation 1. Thus, equation 2 assumes that the true mosaic 
proportion for all cases in a given stratum is equal to the median 
of the observed mosaic proportions that make up that stratum. 

We then used N ,,,, ,,,,, , , , ,  and NdLtlG,b,, to estimate the per- 
centage of missed niosaic cases in our data set when 15 cells 
were counted: 

We also conlputed the percentage ot 111issc.d mosaic cases 
expected ~f only 12, 10, or 7 iella had been counted as follows: 

where PCT,,,l,,,Isl,, and N,, ,,,,, represrrlt the percentage of 
mosaic cases missed and the number of moadic cases detected 
by the Nth cell coulited, respectively, for stratu~n i. 

RESULTS 
Twenty-six laboratories provided specific illformation on 653 

cases of amniotic fluid ~nosaic~sni via thr 1)ata fu1.m (out of 141,652 
total cases). Although the d'lt<i collcctio~l tc)r~ils requested data 
from 1990 to 1995, soille laboratories included data tram other 
years. In retrospect, we discovered that sume laboratories rou- 
tinely analyze nlore thLin the ACMG standdrd. In 11 cases, fewer 
than 15 cells/colonies were analyzed; presumably, all material was 
utilized; these were included in the data set analyzed because the 
second line M ~ S  detected within the first 15 cells/colonies ana- 
lyzed. In 9 cases, the second cell line was detected after the 15th 
celllcolony; these were excluded from the analysib. 

The average number of cases of amniotic tluid mosaicism per 
lab was 24.6; the range was between 4 and 59. A11 average inci- 
dence rate of 2.7 cases of nlosaicis~n per 1000 iasea cultured 
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between 1990 and 1995 (653 cases detected from a total of 241,652 
samples cultured) was found; however, there were significant dif- 
ferences between labs (incidence rates ranged from 1.3-6.5 mosaics 
per 1000 cases, P <0.0001 by chi-square goodness-of-fit test). 
Seventeen cases were excluded from the final analysis due to 
ambiguous data, duplications of previous studies (confirmation 
studies), or unconfirnied mosaicism, yielding 636 cases. Almost 
94% of the cases (599) were done between 1990 and 1995; 7 cases 
(1%)  were done before 1990; and 32 cases (5%) were done in 
1996 and 1997. An average of 32 cells/colonies were analyzed per 
case; the range was from 7 to 123. Almost 96% of cases (61 1 ) had 
only two cell lines. Four hundred forty-two cases (69.5%) were 
analyzed using the in situ method; 92 cases (14.5%) were ana- 
lyzed using the flask method; 91 cases (14.3%) were analyzed 
using both methods; and 11 cases (1.70/0) were analyzed using 
other methods. A detailed description of the dataset will be the 
subject of a separate report. 

Only the data from cases analyzed using the colony in situ 
method were sufficient for further analysis. Table 1 displays the 
number of mosaic cases detected by the 15th cell counted (col- 
umn 2 )  and the number of mosaic cases expected to be detected 
by the 15th cell counted (column 3) based on binomial theory. 
When the percentage of mosaicism is low, binomial theory 
implies that counting 15 cells could result in a substantial pro- 
portion of mosaic cases being missed. Thus, our estimates of 
the expected numbers of detected cases tend to be biased down- 
ward for samples with lower percentage mosaicism, because the 
denominators used to compute the expected numbers are under- 
estimates of the true numbers of mosaic cases. Even with this 
bias in the table, the observed number of mosaic cases detected 
by the 15th cell counted agrees well with that expected by bino- 
mial theory (P = 0.525 by chi-square goodness-of-fit test). 

Table 2 displays the estimated true number of mosaic cases by 
percentage of mosaicism as well as the estimated percentage of 
missed mosaic cases expected if only 7,10,12, or 15 cells had been 
counted. Based on the results in column 6, counting only 15 cells 
should result in very few missed cases if the percentage of 
mosaicism is greater than 20%. If the percentage of mosaicism is 
less than lo%, however, as many as 29% of mosaic cases are likely 
to be missed if only 15 cells are counted. If only 10 cells are counted, 

Table 1 
Observed and expected number of mosaic cases detected by fifteenth cell and 

expected true number of cases by percentage moaaicism 

Percentage Observed" number Expected" number 
mosaicism of detected case5 of detccted cases 

>O-10 53 41 

Total 433 415 

"Number of mosaic cases detected by the 15'" cell counted. 
hNumber of mosaic cases expected to be detected by the 15"' cell counted 
based on binomial theory. 

Table 2 

Expected percentage of missed mosaic cases 
(for in situ colony method) by percentage mosaicism and 

number of cells counted 

Percent ExpectedU true 
mosaicism number of cases 

Expected percentageb 
of missed cases 

>0-50 473 26 16 12 8 

"The expected true number of mosaic cases is based on the binomial distrib- 
ution as explained in "Materials and Methods." 
"The expected percentage of missed mosaic cases is based on  the binomial 
distribution assuming at least N cells are counted in each culture. 

as many as 43% of mosaicisms under 10% are likely to be missed. 
These results demonstrate that the required number of cells for 
detection increases as the percentage of mosaicism decreases. 

DISCUSSION 
The CYT02000 process described by Chen5 has encouraged 

multiple laboratories to contribute data to a collaborative effort 
designed to answer specific questions of common interest. The 
26 laboratories participating in this study accounted for about 
25% of the prenatal cases reported in the AGT Directory in 1995.6 

The data from the 433 cases of mosaicism detected by the 
15th cell counted in cultures using the in situ colony method 
conform to the theoretical binomial distribution (P = 0.525) 
as described by Hook.' These data confirm that the theoretical 
expectations are being met in routine practice. 

The issue of the number of cells to analyze before mosaicism 
is detected has been previously Cheng et aL9 
observed a 6% rate of missed mosaics in amniotic fluid 
mosaicism based on a count of only 10 cells. Discrepancies in 
their observations and the data presented here might be best 
explained by the fact that the authors compared the detection 
rate for a 10-cells-counted cutoff with an estimate of the true 
number of mosaic cases based on a 15-cell-count standard; our 
data indicate an average of 8% of cases of mosaicism are missed 
when a 15-cell-count standard is used. The observed average of 
Cheng at al.%f 6% plus an additional 8% due to use of a biased 
standard is in line with the expected average of 16% when only 
10 cells are counted (Table 2, column 4, last row). 

Because the observed data in this study does not differ sig- 
nificantly from theoretical values based on the binomial distri- 
bution, expected percentages of mosaic cases detected by counting 
different numbers of cells can be generated for different per- 
centages of mosaicism. The values in Table 3 show these esti- 
mated expected percentages. These values have direct relevance 
to the consequences of changing laboratory standards for the 
number of cells analyzed in a culture. 
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Table 3 

Expected percentage of mosaic cases detected for various pcrcentagc 
mosaicisms by number of cells counted 

Number of 
cells counted Percentage mosaicistn 

The focus of this investigation is the likelihood of detecting 
more than one cell line. However, there are important manage- 
ment issues regarding the clinical consequences of whether the 
abnormal cell line is the major or minor line. For example, one 
might expect a different outcome (and advise the patient accord- 
ingly) with a result of 80% 47, +21 cells than with a result of 
20% 47, +21 cells, although both cases involve 20% mosaicism. 
Hook" has discussed this and other issues regarding the diffi- 
culties of interpreting mosaicism in prenatal studies. 

A separate study of the clinical outcomes of cases of amni- 
otic fluid mosaicism has been initiated by the CYT02000 group. 
Data from that study may determine if there are different thresh- 
olds of mosaicism percentages that correlate with different clin- 
ical outcomes in different mosaic aneuploidies. 

We chose to approach the problem in terms of percentage of 
mosaicism rather than percentage of abnormal cells to make 
our analysis directly comparable with the theoretical analysis 
usually used to determine the number of cells that should be 
counted to exclude mosaicism.' It can be observed from Hook" 
that the difference between the two approaches is minimal. 

One major factor driving this investigation was the issue of 
cost savings for laboratories in reduced time associated with 
analyzing fewer cells. These savings in operating costs (ability 
to analyze more cases with the same personnel) must be bal- 
anced by the additional human and legal costs potentially asso- 
ciated with missing cases of mosaicism by analyzing fewer cells. 

CONCLUSIONS 
The CYT02000 process is one that is capable of collecting 

collaborative data to answer specific questions of direct inter- 
est to cytogeneticists. The observed data from 433 cases of 
mosaicism detected by the 15th cell counted in cultures using 
the in situ colony method fit the theoretical values of the bino- 

mial distribution. Because these observed values conform to the 
theoretical values, expected percentages of mosaic cases detected 
by counting different numbers of cells can be generated for dif- 
ferent percentages of mosaicism. These expected percentages 
can be used as the initial discussion points for determining 
whether ACMG Standards and Guidelines for the number of 
cells routinely counted in the laboratory are adequate for detect- 
ing mosaicism and the consequences of changing those stan- 
dards. Two other factors must be taken into consideration. These 
include the specific chromosomal abnormality as well as the 
percentage of cells with that karyotype and any clinical infor- 
mation available (e.g., abnormal ultrasound or maternal screen- 
ing results, positive family history, etc.). 

Finally, additional studies have been initiated by the CYT02000 
group to gather data to correlate clinical outcomes by percent- 
ages of mosaicism and type of aneuploidy. These studies should 
provide data on the relative need to vigorously pursue the deter- 
mination of the actual percentage of mosaicism for different 
chromosome aneuploidies. 
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