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ABSTRACT

Reciprocal and Robertsonian translocations are structural chromosomal aberrations that can produce unbalanced
gametes during meiosis. In some cases, these imbalances lead to an offspring with multiple malformations. The
purpose of this study was to propose and evaluate a methodology to estimate the risk of live offspring with unbal-
anced chromosome aberrations (LOUCA) from parents carrying a reciprocal or Robertsonian translocation. The
methodology is based on comparing the results from several widely known regression methods: multiple linear,
logistic and Poisson regression. Predictive accuracy was evaluated on a database containing information on 41
families of translocations carriers from three Cuban provinces. The results yielded by the three models were quite
consistent regarding variable selection (presence of chromosome 9, chromosome 21 and the existence of breaking
points in the short arms of the chromosomes involved) and risk estimation. There was a 80% overlap between the
classifications produced by the three methods.
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RESUMEN

Estimacion del riesgo de descendencia con aberraciones cromosémicas desbalanceadas en progenitores
portadores de translocaciones. Las translocaciones reciprocas y robertsonianas son aberraciones cromosémicas
estructurales que durante la meiosis pueden originar gametos cromosémicamente desbalanceados. Estos desequi-
librios pueden generar una progenie con multiples malformaciones. El objetivo de este trabajo es proponer una
metodologia para estimar el riesgo de descendencia con aberraciones cromosémicas desbalanceadas compatibles
con la vida, en progenitores portadores de alguna translocacién reciproca o robertsoniana. La metodologia combina
los resultados de los métodos de regresion logistica, regresién multiple y regresion de Poisson. Por sus caracteristicas,
es teéricamente superior a otras variantes descritas en la literatura revisada. El riesgo se estima a partir de una base
de datos que contiene informacién de 41 estudios de familias portadoras de translocaciones, de tres provincias de
Cuba. Los resultados con los tres métodos aplicados son coherentes en la seleccion de las variables predictoras (pres-
encia de cromosomas 9, cromosoma 21 y existencia de puntos de ruptura en los brazos cortos de los cromosomas

involucrados) y en las estimaciones del riesgo. El 80% de las familias se clasificaron por estos métodos.
Palabras clave: estimacién del riesgo, translocaciones, regresién de Poisson

Introduction

The occurrence of reciprocal and Robertsonian trans-
locations during meiosis may produce chromosomal
unbalances in the gametes, often leading to offspring
with multiple malformations [1, 2]. Therefore, par-
ents from families with known translocations usually
need to know the risk or probability of appearance
of the consequences of these malformations, which
include spontaneous abortion, fetal death and live
offspring with unbalanced chromosomal aberrations
(LOUCA) [3].

This work proposes a methodology based on the
use of generalized linear models for estimating LOU-
CA risk in the offspring of parents carrying translo-
cations. It has a solid theoretical foundation and can
be employed in clinical practice during the process of
genetic counseling. Research on this topic dates back
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to the seventies: see e.g. Daniel in 1979 [4], Stengel-
Rutkowski et al. in 1988 [5], Cans et al. in 1993 [6]
and Cohen et al. in 1992[7] and 1994 [8].

Cans et al. proposed, in 1993, the use of logistic
regression models for risk estimation, and the use of
additive models was also suggested two years later
[9].

However, there are theoretical and practical con-
siderations against the use of logistic regression as the
sole tool for estimating risk. Like every other linear
model, logistic regression is very sensitive to the ef-
fects of multi-colinearity when used for explanatory
purposes (i.e. the selection of variables relevant to
risk estimation). In addition, it assumes the existence
of a linear relationship between the dependent vari-
able and the predictors.
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To further compound matters, data obtained from
family studies fails to comply with a basic assumption
of logistic regression: that of independence between
the subjects. This “family effect” arises because rela-
tives are not only genetically closer than non relatives,
but share exactly the same values for the variables
describing the translocation inherited throughout the
family.

The procedure proposed here sidesteps these ob-
stacles by using a classification into risk groups that is
based on the results from multiple and Poisson regres-
sions, thus modifying the structure of data from famil-
ial translocation studies. It constitutes a combination
of several complementary statistic techniques that can
be used to obtain an objective estimation of risk to be
later used during genetic counseling.

Materials and methods

Database

The original database contains data from 200 subjects
in 41 studies of families carrying reciprocal or Robert-
sonian translocations. Each family study took into ac-
count the individuals with filial relations with respect
to the purpose of each study, including this last one. A
total of 26 different translocations exhibiting unique
breakpoints are present in the data (Figure 1). This da-
tabase, which constitutes the result of a collaborative
effort between the cytogenetic laboratories of Havana,
Havana city and Pinar del Rio, only included karyo-
typed, inherited translocations between autosomal
chromosomes. Breakpoints were homogenized to a
resolution of 400 bands, following the International
System for Cytogenetic Nomenclature (ISCN 2005)
[10]. The length of centric and translocated segments
was measured from the breakpoint to the terminal
zone of the long and short arms, with an accuracy of
0.5 mm (G bands).
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The offspring status variable, containing six cat-
egories (non carrier, balanced carrier, spontaneous
abortion, fetal death, neonatal death and LOUCA)
was restructured as a binary variable, grouping all
conditions excepting LOUCA into a single category.
Five chromosomal groups were created, based on the
specific chromosome involved in each translocation.
Three categories were also created depending on the
location of the breakpoint: pp, pg and qq. The parental
origin of the translocation was also taken into account.
The age of the carrier parent was excluded from the
analysis, as recent studies have failed to find a link
between age and LOUCA risk [11] and, in addition,
a significant portion of the data was missing for this
variable. Gamete variability was also excluded, since
there were only some cases with LOUCA. Table 1
summarizes the tentative predictors used in the mod-
els. The nominal variables chromosomal group and
breakpoint location, with five and three categories
respectively, were transformed into dummy variables
whose values are either 0 or 1 for their inclusion into
the regression models.

Statistical analysis

The methodological strategy followed consisted on
the application of three regression models, analyz-
ing the agreement between their results. Taking into
account the limitations of each procedure and setting
aside statistical considerations, this triangulation strat-
egy already improves the reliability of the end result if
the same data, analyzed by different methods that part
from different sets of assumptions, yield the same out-
come. Risk estimation used the same cut-off thresh-
olds employed for genetic counseling (Low risk: < 5;
Moderate risk: from 5 to 15%; High risk: > 15%).
The SPSS (Statistical Package for the Social Sci-
ences, version 15.0) software application was used to
run the logistic and multiple linear regression models.
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Figure 1. Frequency distribution (percentage) of the different translocations across all families. Translocation der(13;14) (orange)
is present in 11 families; der(14;21) (green) in 5 families and 1(1;19) (maroon) in 2 families. The remaining translocations (23
out of 26) affect a single family each (2.4%). The a and b subscripts denote translocations involving the same chromosomes

but different breakpoints.
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The statistical package STATA was used for Poisson
regression.

Logistic regression

The results were compared by analyzing the data with
a logistic regression model (using the 200 subject
database). Due care was exercised during the use of
this model, as its application for this specific case has
some pitfalls.

Logistic regression [12-15] is a specific case of
generalized linear models. It is used to model a cat-
egorical response from predictors that may be indis-
tinctly continuous or discrete ordinals (in most cases,
this response is binary). In this model, p represents the
probability of success and the predictors, or indepen-
dent variables, are represented by Xi:

log it (p) = B, + B, X, + BX, +...+ BX,
Where:

log it (p) = log (p / (1 - p))

Binary logistic regression is widely used in bio-
medical and epidemiological research, as the shape
of the logistic function is ideal for modeling risk and
dichotomic responses, such as the presence or absence
of a specific disorder [12].

Multiple lineal regression
This model is described by the equation:
Y =B, + B, X, +BX, +...+ BX,

Where Y is the dependent variable and the sub-
scripted X and B represent the independent variables
or predictors and the parameters of the model, respec-
tively.

The model was used on a modified version of the
original database that was prepared to minimize the
“family effect” affecting the logistic regression mo-
del described above. In this new database the unit of
analysis is the family (families are independent from
one another), and the dependent variable (defined in
the [0, 1] interval) indicates the proportion of affected
individuals within each family. In this manner, indivi-
dual and family risks are one and the same.

This modification can be introduced without prob-
lems because risk, in this dataset, is defined by factors
intrinsic to the specific translocation affecting each
family, rather than by individual traits. The variables
examined in this study that can influence the risk of
appearance of LOUCA characterize only the inher-
ited translocation and not other pre-zygotic and post-
zygotic genetic phenomena (which can also influence
risk) that vary from carrier to carrier. This work, there-
fore, does not violate the underlying assumptions of
its methodology.

Poisson regression

Poisson regression [13-15] is used for modeling
counting-type variables and, especially, the risk of ap-
pearance of low frequency events. The nature of the
problem examined in this work, therefore, lends itself
to the use of Poisson regression, as the number of cas-
es in a family is a counting-type variable that can be
used for assignation into a risk group.

From a theoretical standpoint, this is the most ad-
equate model (and the results support this reasoning);
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Table 1. Proposed predictors

Variable Variable description Code Ne
Centric and translocated  Centric segment of the first involved SC1G 1.2-13.7
chromosomal segments  chromosome
Centric segment of the second involved SC2G 1.2-8.3
chromosome
Translocated segment of the first involved ST1G 0.3-6.1
chromosome
Translocated segment of the second involved ST2G 0.4-6.7
chromosome
Breakpoints qq arm BRA 3 n=119
pg arm BRA 2 n =40
pp arm BRA 1 n =41
Involved chromosomes  Gc1 [1-8, 10-12, 16-20] TRAS 1 n =53
Ge2 [9] TRAS 2 n =42
Gc3 [der(13;14)] TRAS 3 n=>56
Gc4 [13-15] TRAS 4 n=14
Gc5 [21-22] TRAS 5 n=35
Parental origin Maternal F Sex n=138
Paternal M Sex n =62

“The values of N to downtown areas and translocated chromosome are expressed in % based on the expected

frequency for an N of 200 subjects.

therefore, its results must be assigned a larger weight
when analyzing the results of the classification into
risk groups.

A random variable is said to follow a Poisson dis-
tribution if its probability function can be written as:

e’\x

PX =x) = —

The basic formulation of Poisson regression con-
sists of writing the mean of the counting variable as
the exponent of a lineal function of the predictors:

A= exp(Bo + B] X1 + ...+ ﬁ"X")

Due to the resulting structure, this model was ap-
plied to the modified database; using the variable
Number of LOUCA cases in the family and estimating
individual risk as the number of cases in the family
divided by family size. Faced with the uncertainty of
whether family size might influence the outcome, ad-
ditional models including this variable were consid-
ered and compared to models excluding it. However,
family size did not have any significant influence on
the results.

Results

Logistic regression

Model 3, predicting LOUCA risk from variables
TRAS2 (Gc2), TRASS (Gce5) and BRAT (pp), was
obtained after three steps. All three variables are rel-
evant, with signification levels of 0.003, 0.000 and
0.013, respectively (Table 2). R? is a coefficient rep-
resenting to what degree the observed variability is
explained by each model. This parameter behaved
for each model as follows: Model 1, 0.065; Model 2,
0.166; and Model 3, 0.228. Model 3 is different from
the two preceding models. After this study, the sub-
jects were classified according to their LOUCA risk,
estimated by logistic regression (See Annex).

Multiple linear regression

A multiple linear regression model was fitted to the
data afterwards, using frequency as the dependent
variable. The fitting followed the forward method,
adding variables as long as R? increased, and stopping
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when further inclusions did not result in significant
increases of R%.

The best model obtained with the forward method
contains the variables TRAS5 (Gc5) and BRAT (pp)
as predictors (adjusted R? = 0.27, Table 3). These are
variables with significant effects (0.004 and 0.002,
respectively) (Table 4) that were also selected by the
logistic regression model analyzed earlier.

Another variable that might be included in this
model would be TRAS2; in this manner, the present
model would match the variable set of the logistic
model used in the preceding section. After this analy-
sis, the families were classified according to LOUCA
risk. No families fell into the moderate risk category
when using this model (See Annex).

Poisson regression

Poisson regression was also applied using the family
as unit of analysis, and setting the number of LOUCA
cases as dependent variable. A new variable denomi-
nated family size (TMFA) was included, given that the
number of affected cases depends on family size and
its addition would prevent, therefore, the occurrence
of logical impossibilities such as families with more
affected than susceptible individuals. The model was
fitted with the robust regression option of the com-
mercially available STATA software package, in order
to guarantee that the result is resistant to the effect
of outliers. TRASS5 (Gc5), TRAS2 (Ge2) and BRA1
(pp) emerged as relevant variables (Table 5). Since the
number of events (variable to be predicted) logically
depends on family size, the latter was included as a
covariant in the model.

All other things being equal, the variable to predict
depended much more on genetic factors than on fam-
ily size (see the P value of variable TMFA in table 6).

Of note, also, is the fact that using the Poisson
regression model resulted, again, in the inclusion of
some families in the moderate risk category (see An-
nex)

Discussion

All three models yielded similar results regarding their
most relevant variables and the classification into risk
groups, whether using individuals or families as the
unit of statistical analysis.

In the three models there are variables indicating
the presence of the trait in question that increase risk
in a significant manner. One is the presence of break-
points in the pp arms and another, the involvement of
chromosomes 21 and 22. Another variable, which in
one case failed to reach statistical significance, was
the presence of chromosome 9, included in the models
of Poisson and logistic regression. Our results, similar
to those of Cans et al. in 1993 [6], highlight the im-
portance of these variables for an understanding of the
genetic phenomenon under study.

Cans et al. also pointed out that in the case of these
chromosomes, risk is even higher when breakpoints
are located in both short arms [6]. Our results, de-
spite differences in sample populations and analysis
methods, are similar; confirming the validity of our
approach and the predictive capacity of the chosen
variables. There is a large body of research pointing at
chromosome 9 for its frequent involvement in LOU-
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Table 2. Predictors selected by the three models produced by logistic regression

Model name Selected variables Coefficients Significance

Model 1 TRAS5 1.355 0.011

Model 2 TRAS2 2.079 0.004
TRAS5 2.303 0.001

Model 3 TRAS2 2.184 0.003
TRAS5 2.916 0
BRA1 1.790 0.013

CA, based in the segregation of translocations where
it is included [16, 17].

Chromosome 22 is also in Gc¢5, and therefore is
singled out by all models as a risk factor. Although
no LOUCA cases involving this chromosome were
found in our database, that was not the case for the
database used by Cans et al. 1993 [6] due to the high
prevalence of t(11;22), which is linked to the presence
of this trait in the offspring.

The classification into risk groups was identical
among all three models for 80% of the families (See
Annex). This result, together with the fact that all
models also selected the same variables, further un-
derscores the relevance of the latter as predictors. In

16.Sankoff D, Deneault M, Turbis P, Allen
C. Chromosomal distributions of break-
points in cancer, infertility, and evolution.
Theor Popul Biol. 2002;61(4):497-501.

17.Harper PS. Practical genetic counsel-

ling. 6th ed. Verlag: Hodder Arnold;
2004.

Table 3. Parameters of the fitting using multiple regression models

Standard error

2 1 2
Model R Adjusted R of the estimation
1° 0.137 0.115 0.21473
2b 0.307 0.270 0.19494
9Predictors in the model: BRA1.
bPredictors in the model: BRAT, TRAS5.
Table 4. Coefficients for the multiple regression models
Non-standardized coefficients Standardized coefficients . ...
Model Significance
B Standard error Beta
1 BRA1 0.236 0.095 0.370 0.017
2 BRA1 0.286 0.088 0.449 0.002
TRAS5 0.251 0.082 0.420 0.004

Table 5. Output from the Poisson regression run without the family size predictor

Number of observation = 41

Poisson regression LR Chl2(3) =115.58

Prob > chi? =0
Log verisimilitude = -79.619332 Pseudo R? = 0.4206
Number Coeffici Standard z P>|z| [95% Conf.,
oefficient :

of events error interval]
TRAS5 10.75 1.06 10.16 0 8.68 12.83
TRAS2 6.62 0.89 7.43 0 4.87 8.36
BRA1 6.23 0.82 7.63 0 4.63 7.83
_cons -18.15 0.99 -18.36 0 -20.09 -16.21
TMFA Not included in the model

Table 6. Output from the Poisson regression run with the family size predictor

Number of observations = 41
LR chi?(4) = 20.50
Prob > chi? = 0.0004

Pseudo R? = 0.29

Number of observations

Log verisimilitude =-25.59

Number .. Standard z P>|z| [95% Conf.,
Coefficient ;

of events error interval]
TRAS5 2.53 0.74 3.41 0.001 1.08 3.99
TRAS2 1.96 0.70 2.82 0.005 0.60 3.33
BRA1 1.28 0.66 1.94 0.053 -0.01 2.57
_cons -2.83 0.80 -3.55 0.000 -4.39 -1.27
TMFA 0.06 0.07 0.81 0.418 -0.08 0.19
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general, Poisson regression was more accurate; i.e. it
yielded a theoretical risk probability closer to the “ob-
served” values. The model it produced failed only for
family 34, where it yielded a risk probability far from
the actual value (Annex) since two out of the three
members of that family are LOUCA cases. It also
identified as significant the presence of Ge2 (chromo-
some 9), perhaps artificially decreasing the theoretical
risk for LOUCA due to the fact that out of the three
predictors selected by the Poisson regression (Gc5,
Gc2 and “pp”), this is the only one with breakpoints
in the short arms of both chromosomes involved in the
translocation (“pp”).

Analyzing the predictive accuracy of the Poisson
regression, it is possible to see that 1) it was the only
model that correctly classified family 40, according to
the data. This family had only Ge2 (variable with a
value = 1) out of the three predictors selected by the
model, demonstrating the significance of the involve-
ment of chromosome 9 in a translocation and its rela-
tionship with the probability of LOUCA [18]; and 2)
studies of different families with the same transloca-
tion yielded different risk probabilities (a phenomenon
that had not been observed previously), although they
continued to fall within identical risk groups. This is
accounted for by differences in the mathematical for-
mulations of the different models, which imply, in the
case of the Poisson regression, the use of information
unique to each family and, obviously, the introduction
of differences between families that share a common
translocation.

There is a 95% overlap between the Poisson and
logistic regression models regarding the classification
of families into risk groups. This overlap decreased
to 80% when all three models were considered. The
high coincidence between the Poisson and logistic
regression models may arise, notwithstanding the
characteristics of each one, from the fact that they use
the same variables (Gc5, Ge2 and “pp”) as predic-
tors. Regarding multiple regression, it was observed
that the presence of breakpoints in the short arms (as
in family 29) always produces a high-risk transloca-
tion, independently of whether it results in LOUCA
or not.

The multiple regression model selected, as predic-
tors, the presence of breakpoints in both short arms
(“pp”, BRA1 = 1) and Ge5 (chromosomes 21 and
22, TRASS = 1). In addition, none of the transloca-
tions in the database has both predictors simultane-
ously. Given that not many combinations can produce
a high-risk classification when using this model, it is
sufficient to have one of them for obtaining such a
classification, independently from the existence or not
of a history of LOUCA in the family. In this model

Received in November, 2010. Accepted
for publication in September, 2011.
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the parameter for variable “pp” is larger than that for
variable Gc5; therefore, expected risk is larger when
the model is applied to a family with a translocation
having both breakpoints in short arms.

Families 29 and 40 were not assigned to the same
risk groups by the three models (See Annex). Family
40 should be classified as high risk; however, only the
Poisson model identifies it as such, for reasons ex-
plained above. Regarding family 29, it should be as-
signed to the moderate risk group, yet only the logisti-
cal regression model does so. It should be noticed that
for this last family the value produced by the Poisson
regression model came close to that of the moderate
risk category. Family 7 was misclassified by all three
models as high risk, when it actually does not have a
history of LOUCA. This situation was caused by the
fact that the translocation of this family contains chro-
mosome 22, which is part of Ge5 (a variable to which
all three models assign a large weight) and is absent
from all other cases in the database. Therefore, given
that chromosome 22 is included in the same group as
chromosome 21 (involved in several translocations
with a clear link to LOUCA), the family was errone-
ously assigned to the high risk group.

The three proposed models correctly assign each
family to their corresponding risk group, according
to the actual data used to verify the accuracy of the
prediction. The few observed discrepancies between
prediction and reality are considered normal when us-
ing empirical estimations that depend on “observed”
data [19].

It is important to recap, once again, the main re-
sults of the methodology. A technique for estimating
the risk for LOUCA was proposed that is based on
the use of models. Specifically, these estimations were
performed using logistic regression with a database
of 200 individual cases, multiple regression in a da-
tabase of 41 families (corresponding to the previous
200 cases), and Poisson regression in the latter data-
base. Each of these methods has advantages and dis-
advantages that were discussed above.

Estimating LOUCA risk goes beyond the obtention
of a cold number: it entails a careful analysis of the
results obtained through all proposed methods and of
the conclusions, weighted with the experience of the
specialist. The latter adds an important part of ratio-
nality to the proposed strategy.
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Annex

Assignment of families into high, moderate and low risk groups

Families Logistic regression Multiple regression Poisson regression
1 Moderate risk Low risk Moderate risk
2 High risk High risk High risk
3 Moderate risk High risk Moderate risk
4 High risk High risk High risk
5 Low risk Low risk Low risk
6 Low risk Low risk Low risk
7 High risk High risk High risk
8 High risk High risk High risk
9 High risk High risk High risk

10 High risk High risk High risk
11 High risk High risk High risk
12 Low risk Low risk Low risk
13 Low risk Low risk Low risk
14 Low risk Low risk Low risk
15 Low risk Low risk Low risk
16 Low risk Low risk Low risk
17 Low risk Low risk Low risk
18 Low risk Low risk Low risk
19 Low risk Low risk Low risk
20 Low risk Low risk Low risk
21 Low risk Low risk Low risk
22 Low risk Low risk Low risk
23 Low risk Low risk Low risk
24 Low risk Low risk Low risk
25 Low risk Low risk Low risk
26 Low risk Low risk Low risk
27 Low risk Low risk Low risk
28 Low risk Low risk Low risk
29 Moderate risk High risk Low risk
30 Moderate risk Low risk Moderate risk
31 Moderate risk High risk Moderate risk
32 Low risk Low risk Low risk
33 High risk High risk High risk
34 Moderate risk High risk Moderate risk
35 Low risk Low risk Low risk
36 Low risk Low risk Low risk
37 High risk High risk High risk
38 Moderate risk Low risk Moderate risk
39 Low risk Low risk Low risk
40 Moderate risk Low risk High risk
41 High risk High risk High risk

The three models coincide in most of the families. In families 1, 3, 30, 31, 34 and 38 only
coincide both the Logistic and Poisson regression models. There was no coincidence between
the models described in families 29 and 40.
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