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Abstract DNA phenotyping research is one of the most
emergent areas of forensic genetics. Predictions of externally
visible characteristics are possible through analysis of single
nucleotide polymorphisms. These tools can provide police
with “intelligence” in cases where there are no obvious sus-
pects and unknown biological samples found at the crime
scene do not result in any criminal DNA database hits.
IrisPlex, an eye color prediction assay, revealed high predic-
tion rates for blue and brown eye color in European popula-
tions. However, this is less predictive in some non-European
populations, probably due to admixing. When compared to
other European countries, Portugal has a relatively admixed
population, resulting from a genetic influx derived from its
proximity to and historical relations with numerous African
territories. The aim of this work was to evaluate the utility of

IrisPlex in the Portuguese population. Furthermore, the possi-
bility of supplementing this multiplex with additional markers
to also achieve skin color prediction within this population
was evaluated. For that, IrisPlex was augmented with addi-
tional SNP loci. Eye and skin color prediction was estimated
using the multinomial logistic regression and binomial logistic
regression models, respectively. The results demonstrated eye
color prediction accuracies of the IrisPlex system of 90 and
60 % for brown and blue eye color, respectively, and 77 % for
intermediate eye color, after allele frequency adjustment. With
regard to skin color, it was possible to achieve a prediction
accuracy of 93 %. In the future, phenotypic determination
multiplexes must include additional loci to permit skin color
prediction as presented in this study as this can be an advan-
tageous tool for forensic investigation.
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Introduction

Forensic DNA phenotyping, also referred to as “DNA intelli-
gence,” is still not widely used but can provide important
information in criminal casework [1–3]. However, externally
visible characteristics (EVCs) are difficult to understand due
to their high complexity derived from their multifactorial na-
ture, involving various genes, gene–environment interactions,
and epistasis phenomena [4, 5]. EVCs are also not widely
used at present because some phenotypic loci may provide
ancestral or clinical information that may raise ethical con-
cerns in the forensic field. However, these markers could be
used in crime solving in a similar way to conventional eyewit-
ness testimony, helping police in the determination of a
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suspect’s profile and probably with a lower risk of exacerbat-
ing social pressure [6].

One multiplex designed to determine visible traits is
IrisPlex assay [7] developed by Walsh et al. to predict eye
color through the genotyping of 6 SNPs: rs12913832
(HERC2), rs1800407 (OCA2), rs12896399 (SLC24A4),
rs16891982 (SLC45A2 (MATP), rs1393350 (TYR), and
rs12203592 (IRF4). This multiplex based on the work of Liu
et al. [8], later validated for forensic use [9], was reported as
having precisions ranging from 91 to 98 % on the prediction
of blue and brown eye color, depending on the European
population under consideration [10].

As for implementation and internal validation of any foren-
sic multiplex, studies need to be performed in the population
of interest in order to satisfactorily evaluate its applicability to
that population [11]. Since IrisPlex’s publication, several stud-
ies were made to address its application on different popula-
tions, namely a Slovenian population [12], a variety of
Eurasian populations [13], and in a US population [14].
Even though IrisPlex reliably predicted blue and brown eye
color from DNA samples in Dutch, Slovenian, and East Asian
populations [10, 12, 13], this assay turned out to be only
moderately predictive for Asian and US populations [13,
14]. The authors of the works carried out on the Eurasian
and US populations explained this phenomenon as an effect
of IrisPlex testing being conducted using mainly European
samples. Also, the populations they studied were highly
admixed when compared to European ones [13, 14]. These
authors point out the importance of studying additional popu-
lations, particularly from areas outside of Europe, for the eval-
uation and optimization of predictions.

Due to the close proximity of the Mediterranean region
with that of North Africa, and the genetic flux resultant from
multiple interactions between these two regions throughout
the centuries [15], Mediterranean countries, especially the
southern regions, have a stronger background of African an-
cestry when compared to Central and Eastern European coun-
tries [16]. The presence of African gene flow into southern
Europe dates back to, at least, 1600 years ago and historically
results from the trade relations and slave trading across the
Western Sahara during the Roman occupation (200–600AD)
[15]. In Portugal, and also in Spain, this process took on even
greater significance due to the existence of further possible
sources of African admixture, namely the invasion of Iberia
by the Moorish armies after 711AD that lasted until the six-
teenth century [17] and both Portugal and Spain’s imperial
colonial history and subsequent decolonization processes
[18].

Taking into consideration that IrisPlex loci are not only
related to eye color, but are also associated with hair color
and skin pigmentation [19–23], adding further SNP loci to
IrisPlex should provide genetic information able to predict
these other human traits. Walsh et al. accomplished this with

the development of HirisPlex, which includes the original 6
IrisPlex loci together with 18 additional SNPs that allow si-
multaneous prediction of hair and eye color [3]. Similarly, it is
conceivable that IrisPlex, if analyzed together with additional
loci, would allow the prediction of skin color in a similar way
to the multiplex reported by Spichenok [24]. The association
of these loci to different human traits occurs because the cor-
responding genes are involved in the same physiologic pro-
cesses, namely melanosome biogenesis and melanin biosyn-
thetic pathways. These are the main processes responsible for
human pigmentation variation that affect eye and hair color as
well as skin pigmentation [25].

The original aim of this work was to evaluate IrisPlex with-
in a Portuguese population, but later, due to the refereed
above, it was decided to test if it was possible to supplement
the multiplex with additional loci in order to achieve simulta-
neous eye and skin color predictions and apply this to the
study population. In order to do so, three loci were selected:
rs1129038 (HERC2), rs2424984 (ASIP), and rs1426654
(SLC24A5). Sturm et al. described SNP rs1129038 as having
a high degree of association with eye color [26]. Leite et al.
also reported it as being involved in skin color pigmentation
[27]. Valenzuela et al. categorized ASIP rs2424984 as the
third most significant genetic contributor to variance in phe-
notypic skin reflectance [28]. SLC24A5 is a gene already
known to be involved in skin color determination for some
time [29]. Moreover, rs1426654 locus explains per se the dif-
ference in skin melanin index between 25 and 38 % amongst
people of European vs. West African ancestry, respectively
[30–32]. Valenzuela et al. identified rs1426654 and
rs2424984, together with IrisPlex rs16891982, as being re-
sponsible for 45.7 % of the reflectance variance and an indi-
cator of skin reflectance in human phenotypes across different
populations [28].

In this work, eye color prediction was based on the multi-
nomial logistic regressionmodel. The predictors were the usu-
al IrisPlex. In order to predict skin color, a binomial logistic
regression model was developed. In this case, the predictors
were IrisPlex and the three additional loci referred to above.

Material and methods

Sample collection and phenotypic characteristics record
and classification

Buccal swabs and blood samples were collected from 192
unrelated volunteers residing in Portugal and under informed
consent. This sample consisted of 95 males and 97 females
with ages ranging from 16 to 72. For each individual, infor-
mation was col lected regarding age and sex (in
Supplementary Table 1) and also their country of birth and
ethnic origin, together with those of his/her parents.
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Subsequently, photographic images of phenotypic charac-
teristics were documented. Pictures were taken of the eyes and
the skin of the inner upside part of the arm. Photographs were
taken using a DSLR Nikon D90 camera equipped with a
Nikon AF-S Nikkor 35 mm lens and a Speedlight SB-800
flash mounted on a tripod. For normalization, similar distance
and light conditions were used for each photo.

Iris characteristics of all the individuals were classified in-
dependently by three different observers into three categories:
1: “blue eyes”, 2: “neither blue nor brown” (which included
blue/green, green, and green/brown eyes), and 3: “brown
eyes.” The majority classification was used to individually
classify the phenotype of each volunteer’s eyes.

Using a similar approach, individual skin color classifica-
tion was performed following Fitzpatrick classification I to VI
[33], but for simplification purposes, only three categories
were applied: 1: “white and beige skin color” (equivalent to
I and II in Fitzpatrick classification), 2: “light brown to medi-
um brown” (equivalent to III and IV in Fitzpatrick classifica-
tion), and 3: “dark brown to black skin” (equivalent to V and
VI in Fitzpatrick classification). The majority classification
was also used to individually classify each volunteer’s skin
tone (Supplementary Table 1). It is worth emphasizing here
that there was not enough data to develop a logistic regression
model where the response variable had six categories. As can
be seen in the following, when describing the skin color pre-
diction model, even with just three categories for skin color
classification, it was necessary to combine the skin categories
1 and 2 just cited. This factor was due to the sparseness of the
respective contingency table and gave rise to highly unstable
parameter estimates.

DNA extraction and quantification

DNA from both buccal swabs and blood samples was extract-
ed from each individual using Chelex® method [34].
Whenever necessary, samples were quantified with
Quantifiler Duo Quantification kit in a 7500 Real-Time
System using HID Real-Time PCR Software v1.1 and follow-
ing the manufacturer’s instructions (Applied Biosystems).

SNP loci selection and multiplex design

As a basis for multiplex design, IrisPlex development valida-
tion conditions were used [9]. This multiplex analyzes six
SNP loci: rs12913832, rs1800407, rs12896399, rs16891982,
rs1393350, and rs12203592 from the HERC2, OCA2,
SLC24A4, SLC45A2 (MATP), TYR, and IRF4 genes previ-
ously identified as having a high degree of association with
eye color [19, 20, 26]. Additionally, three other loci were
added to complement the eye color analysis and to predict
information about the sample donor skin tone: rs1129038,
rs2424984, and rs1426654 from the HERC2, ASIP, and

SLC24A5, respectively. The selection of these three markers
was based on revision of the literature, especially in GWAS
regarding SNP association with human phenotypic visible
color characteristics [19, 20, 28, 35]. As would be expected,
all these GWAS studies of SNP association with skin and hair
color indicate IrisPlex loci as having a high degree of associ-
ation with visible color characteristics, and not only eye color,
since all these components are interrelated.

The three PCR primer pairs for SNP loci not present in
IrisPlex were empirically designed using the rules of
Dieffenbach et al. [36], and AutoDimer software was used to
test the resulting multiplex design and to ensure little interac-
tion between all primer pairs [37]. Single base extension
(SBE) primer design followed a similar procedure whilst en-
suring that primer melting temperatures were approximately
55 °C so that the SBE reaction would occur under the same
conditions as those of IrisPlex [9]. The PCR and SBE primer
sequences can be found in Supplementary Table 2.

SNP loci amplification and detection

The conditions used for amplification and minisequencing
were the same as those indicated for IrisPlex PCR [7]. A total
of 1 μl genomic DNA extract from each sample was amplified
in a 12-μl PCR reaction containing 1× PCR buffer, 2.7 mM
MgCl2, 200 mM of each dNTP, 0.416 mM concentration of
each primer (Supplementary Table 2), and 0.5 U of AmpliTaq
Gold DNA polymerase (Applied Biosystems). PCR thermal
cycling was performed on a gold-plated 96-well GeneAmp®
PCR system 9700 (Applied Biosystems) using the following
conditions: (1) 95 °C for 10 min, (2) 33 cycles of 95 °C for
30 s and 60 °C for 30 s, and (3) 5 min at 60 °C. After PCR
amplification, excess primers and unincorporated
deoxynucleotides were removed by adding 1 μL of USB®
ExoSAP-IT® PCR Product Clean-Up (Affymetrix) to
2.5 μL of PCR product and incubating for 30 min at 37 °C,
followed by 15 min at 80 °C for enzyme inactivation. SNP
loci minisequencing was achieved by SBE in 5 μL reaction
volumes containing 1 μL of SNaPshot® reaction mix
(Applied Biosystems), 1 μl of purified PCR product, and
1 μL of SBE primer mix (Supplementary Table 2). Thermal
cycling for SBE was conducted on a gold-plated GeneAmp®
PCR system 9700 (Applied Biosystems) using the following
thermocycling program: (1) 96 °C for 2 min and (2) 25 cycles
of 96 °C for 10 s, 50 °C for 5 s, and 60 °C for 30 s. Excess
fluorescently labeled ddNTPs were inactivated by incubation
of SBE reaction with 1 μL of USB shrimp alkaline phospha-
tase (Affymetrix) at 37 °C for 45 min followed by enzyme
inactivation at 80 °C for 15 min. Multiplex extension products
were run on an Applied Biosystems 3130 Genetic Analyser
using 1 μl of cleaned SBE product with 0.5 μl 120 LIZ size
standard with 8.5 μl Hi-Di formamide (Applied Biosystems).
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Allele calling was achieved with GeneMapper v. 3.7 software
(Applied Biosystems).

Eye color prediction model

Eye color predictions were made using the Multinomial
Logistic Regression Model [3, 8, 38]. Eye (iris) color was
chosen as the response variable and categorized into three
groups: blue, brown, and intermediate (that is, green to hazel-
nut eyes). The covariates corresponded to the classification of
subjects based on population minor allele frequencies. Nine
SNP loci were used in this study: rs12913832, rs1800407,
rs12896399, rs16891982, rs1393350, rs12203592,
rs1129038, rs2424984, and rs1426654. Details of the mathe-
matical model are provided in the supplementary material.

Models were fitted by maximum likelihood. More precise-
ly, the parameters of the models were estimated by the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm,
which belongs to the class of the Quasi-Newton Methods.
To achieve this goal, the package “mlogit” [39], from the R
software, version 3.0.3 [40] was used.

The significance of each variable to the fitted model was
assessed bymeans of theWald test [38]. The relevance of each
predictor in the DNA phenotyping context was also taken into
account in selecting the optimal subset of predictors. The like-
lihood ratio test was computed to evaluate the overall signif-
icance of the adjusted model.

The estimated outcome for the ith subject was given by:

Ŷ i ¼ max π̂0 xið Þ; π̂1 xið Þ; π̂2 xið Þ
n o

; i ¼ 1; …; n:

In this context, it was crucial to evaluate the accuracy of the
model in discriminating between the different outcomes. It is
worth stressing that in cases where the three probabilities are
relatively similar to each other, and the probability for the
selected category is only marginally higher, there is an in-
creased risk of an incorrect prediction being made [10]. The
probability thresholds of 0.5 and 0.7 were applied to avoid
potentially misleading classifications. Therefore, only the es-
timates that satisfied the restriction Ŷi ≥ c, i=1, …, n, —
where c represents the cutoff probability—was considered in
the remaining analysis.

In regard to the goodness of fit, the focus of interest was the
classification table. The estimated model was evaluated in
relation to its ability to discriminate between the different cat-
egories of the outcome. From the 3×3 confusion matrix, the
usual measures were computed for each category: sensitivity
(SENS), specificity (SPEC), positive predictive value (PPV),
and negative predictive value (NPV). In this context, SENS
and PPV play a special role because these measures rely only
on the comparison between the estimated values and the raw
data for each category of the outcome. More precisely, for
each eye color category j=0, 1, 2, SENS corresponds to the

probability of an individual being classified correctly in cate-
gory j; PPV represents the probability of an individual who
has been classified in category j actually belonging to that
category.

For each eye color category, the receiver operating charac-
teristic (ROC) curve was computed. The respective area under
the curve (AUC)—that is, the integral of the ROC curve—was
measured to assess the overall performance of the estimated
model in terms of the sensitivity and specificity [38, 41].
Bearing in mind that there were three classes under consider-
ation, an extension of the AUC was also calculated for more
than two classes. In brief, the AUC for each class against the
rest was computed and then the results averaged [42, 43].

As stated previously, the fittedmodel will provide eye color
predictions for future subjects. Therefore, it was crucial to
evaluate the performance of the estimated model in the con-
text of cross-validation. This procedure will also decrease the
possibility of over-fitting [44]. Due to the reduced sample size,
it was not possible to split the data into two subsets: the train-
ing set for modeling purposes and the validation set for pre-
dictions (usually 20 % of the sample size). To overcome the
small sample size limitation, the leave-one-out cross-
validation procedure was utilized. Hence, for each run, the
model was estimated from the whole data set except one sub-
ject, and the prediction was made for the individual that had
been left out. The procedure was repeated n times, where n is
the sample size. The ROC curve and the respective AUCwere
computed from the probabilities generated by the cross-vali-
dation. The results were compared to those obtained from the
whole data set to assess the goodness-of-fit of the model.

Skin color prediction model

Initially, the multinomial logistic regression model was ap-
plied to model skin color. The outcome variable was divided
into the three categories referred to earlier in this section: 1:
very white, 2: white beige, 3: dark brown. People with very
white skin are extremely rare in the Portuguese population.
The sampled data confirmed this to be true, and thus, there
were very few subjects classified in this category. This led to
very inaccurate estimation results. Therefore, the two catego-
ries “very white” and “white beige” were combined into a
single category called “white.”

The binomial logistic regression model was used to make
skin color predictions [38, 44]. The response variable was the
skin color divided into two categories: white and dark brown
skin. The predictors were the same as those used in modeling
eye color. Details of the mathematical model are provided in
the supplementary material.

The models were fitted by maximum likelihood. More pre-
cisely, the parameters of the models were estimated using the
iteratively reweighted least squares. For details, see
McCullagh et al. [45]. The R software, version 3.0.3 [40],
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was used to accomplish this. The significance of each variable
in the fitted model was assessed by means of the Wald test
[38]. The relevance of each predictor in the context of DNA
phenotyping was also taken into account when selecting the
optimal subset of predictors. The likelihood ratio test was
computed to evaluate the overall significance of the adjusted
model.

The estimated outcome for the ith subject was given by Ŷ i

¼ π̂ xið Þ ; i ¼ 1; …; n: Nevertheless, our interest relied
on predicting the outcome (in a binary way). Following the
methodology reported previously for modeling eye color, the
probability threshold of 0.5 was defined to distinguish an in-
dividual between dark and white skin color. Therefore, only
the estimates that satisfied the restriction Ŷi≠0.5, i=1, …,
n, were considered when assessing the fit of the model.

The goodness-of-fit measures were similar to those devel-
oped for modeling eye color, with appropriate adaptations,
namely SENS, SPEC, PPV, and NPV. Additionally, the
ROC curve was computed, and the respective AUC deter-
mined. This measure quantifies the ability of the model to
distinguish between dark brown and white skin colors. As
the fitted model will provide skin color predictions for future
subjects, the leave-one-out cross-validation procedure was al-
so applied in this context. The ROC curve and the respective
AUC were computed from the probabilities generated by the
cross-validation so as to compare the results with those ob-
tained from the whole data set.

Results

Multiplex genotype assay design

The addition of three SNP loci to IrisPlex assay was conduct-
edwhilst simultaneously ensuring that all characteristics of the
original multiplex were maintained [9]. The results obtained
are demonstrated in an electropherogram of a brown-eyed
individual, as shown in Fig. 1. Results for all the remaining
individuals in the study can be found in Supplementary
Table 1.

Eye color

Using a sample of the Portuguese population (sample size, n=
192), a multinomial logistic regression model was developed
using IrisPlex loci. The estimated multinomial logistic regres-
sion model to describe eye color is shown in Table 1. It is well
established in the literature that the six IrisPlex SNP genotypes
are very important to predict eye color [7, 8, 10]. Although the
SNPs rs1393350 and rs12203592 are not statistically signifi-
cant, they remain in the final estimated model due to their
relevance in the phenotyping context. The likelihood ratio test
was calculated to assess the overall significance of the model.

The results showed that the covariates under consideration are
particularly relevant when describing eye color (chi-squared
test statistic=60.41, p value=0.00).

The probability thresholds discussed by Walsh et al. [17]
and Dembinski and Picard [21] were applied here so as to
evaluate the accuracy of the estimated model. Accordingly,
two threshold values were analyzed: 0.5 and 0.7. The former
of the two values was chosen as a threshold of 0.7 gave rise to
a large number of inconclusive results. Moreover, when using
a threshold of 0.5, 138 out of 192 subjects (72 %) were cor-
rectly predicted and only 22 individuals (11 %) incorrectly.
There was a loss of 32 people (17 %) from the sample as their
predictions were inconclusive.

Some goodness-of-fit measures are shown in Table 2,
namely sensitivity, specificity, PPV, NPV, and AUC.
Computations are based on the comparison between each of
the classes.

The percentage of blue, intermediate, and brown eyes cor-
rectly classified is 60, 57, and 96%, respectively. The positive
predictive value for blue eyes is not very high (60 %), but the
model behaves much better when predicting intermediate and
brown eyes: 77 and 90 %, respectively.

The ROC curves and the AUCs are displayed in Fig. 2. The
areas under the ROC curves are very high (0.94, 0.84, and
0.87 for blue, intermediate, and brown eyes, respectively). In
the literature, values such as these for the AUCs are consid-
ered to result in excellent discrimination for each eye color
category under consideration [42]. Furthermore, the overall
AUC computed from the three classes under consideration is
0.84, which means that the predicted model is highly accurate
in discriminating between blue, intermediate, and brown eye
color.

The predicted probabilities generated by the leave-one-out
cross-validation procedure have led to slightly lower values
for the AUC, especially for blue eyes (0.84, 0.81, and 0.85 for
blue, intermediate, and brown eyes, respectively).
Nevertheless, they are still considered as excellent discrimina-
tion [42]. The overall AUC, based on the three classes under
consideration, has a value of 0.82, which is similar to that
obtained from the complete data set. In summation, the
goodness-of-fit measures accurately support the behavior of
the predicted model.

Skin color

The binomial logistic regression model used to describe skin
color was estimated from the same sample of the Portuguese
population (sample size, n=192). The modeling procedure
began with all nine of the SNPs referred to in “Material and
Methods.” However, there was the need to exclude the SNP-
ID rs12913832 due to its strong linkage with SNP-ID
rs1129038.
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The estimated binomial logistic regression model is
shown in Table 3. The results have revealed that the
SNPs rs1800407, rs12896399, rs1393350, and rs1129038
are not statistically significant. Nevertheless, they are
retained in the final estimated model because of their

importance in the phenotyping context. In order to evaluate
the overall significance of the model, the likelihood ratio
test was computed. The results show that the covariates are
relevant to describe skin color (chi-squared test statistic=
158.00, p value=0.00).

The accuracy of the estimated model in predicting the out-
come in a dichotomous way was evaluated. Following the
approach for modeling eye color, individuals were differenti-
ated between having dark brown and white skin using the
cutoff probabilities of 0.5 and 0.7. Due to the large number
of inconclusive results obtained from the higher cutoff, the
former probability threshold was chosen. Using this threshold
of 0.5, the estimated model correctly predicted 183 out of 192
subjects (95 %) and incorrectly only nine individuals (5 %).

Fig. 1 Electropherogram of an individual genotyped for eye and skin color prediction. The three new loci added to IrisPlex are located at the right on the
electropherogram

Table 1 Estimated coefficients, standard errors, and p values for the
fitted model to the eye color

SNP - ID Coefficient Standard error p value

logit: g1
rs12913832 3.126 0.626 0.000

rs1800407 1.005 1.124 0.372

rs12896399 -2.577 0.640 0.000

rs16891982 -5.084 1.101 0.000

rs1393350 -0.455 0.672 0.499

rs12203592 -0.872 0.999 0.383

logit: g2
rs12913832 1.941 0.425 0.000

rs1800407 1.717 0.571 0.003

rs12896399 -1.024 0.315 0.001

rs16891982 -2.165 0.353 0.000

rs1393350 0.021 0.447 0.962

rs12203592 0.319 0.548 0.560

logit: g1 and g2, comparison of blue and intermediate eye color to the
reference level, respectively

Table 2 Goodness-of-fit measures for the eye color: sensitivity,
specificity, PPV, NPV, and AUC

Eye color

Measure Blue Intermediate Brown

Sensitivity (%) 60 57 96

Specificity (%) 97 96 68

Positive predicted value (%) 60 77 90

Negative predicted value (%) 97 91 84

Area under the curve 0.94 0.84 0.87
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There were no inconclusive predictions, and therefore, no in-
dividuals were excluded from the analysis.

Table 4 shows some goodness-of-fit measures, namely
sensitivity, specificity, PPV, NPV, and AUC. The percent-
age of dark brown color correctly classified is 86 %. The
positive predictive value is 93 %. Furthermore, both spec-
ificity and negative predicted values are very high (98 and
96 %, respectively). These results are very promising,
showing that the estimated model performs very well in
distinguishing between persons with white skin color and
those with dark brown.

The ROC curve, as well as the AUC, is displayed in
Fig. 3. The area under the ROC curve gives a very high
value (AUC=0.99). The predicted probabilities generated
by the leave-one-out cross-validation procedure have led
to a similar AUC (AUC=0.96). According to the literature
[42], these results clearly show an outstanding perfor-
mance in discriminating between white and dark brown
skin colors.

Discussion

The 192 samples used are representative of the Portuguese
population. Even though it would be advantageous, from a
statistical point of view, to have a larger sample size, this
number is in line with others used in similar works [12–14].
The eye and skin color classifications were carried out by
visual qualitative determination, as stated by Dembinski
et al. [21]. This practical manner of classification forms the
basis of eyewitness testimonies, and therefore, it is essential
that the obtained results correlate with the visual determina-
tions [14]. In order to reduce any ambiguity in color classifi-
cation, the grouped independent observer classification was
used.

Walsh et al. provide prediction accuracies for eye color
determination at the 0.7 threshold of 91.6 and 56 % for blue
and brown eye colors, respectively, and 91.6 and 87.5 % at the
0.5 threshold [7]. In the Portuguese population, using adjusted
parameters, prediction accuracies for eye color determination
of 60 and 90% were obtained at the 0.5 threshold for blue and
brown eye colors, respectively. Due to the large number of
inconclusive results generated, it was not possible to rely on
the estimation at the 0.7 threshold. However, the AUCs per-
formed similarly: 0.94, 0.84, and 0.87 (0.5 threshold) com-
pared with 0.97, 0.84, and 0.95 (0.7 threshold) for blue,
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Fig. 2 Goodness-of-fit for the
eye color: ROC curve and AUC,
computed for each class against
the remaining classes

Table 3 Estimated coefficients, standard errors, and p values for the
fitted model to the skin color

SNP - ID Coefficient Standard
error

p value

Constant -7.327 1.736 0.000

rs1800407 -0.982 1.203 0.414

rs12896399 -0.762 0.641 0.235

rs16891982 3.076 0.933 0.001

rs1393350 0.754 0.929 0.417

rs12203592 1.993 1.379 0.148

rs1129038 -0.824 0.683 0.227

rs2424984 1.778 0.726 0.014

rs1426654 4.658 1.089 0.000

Table 4 Goodness-of-fit
measures for the skin
color: sensitivity,
specificity, PPV, NPV,
and AUC

Measure Skin
color

Sensitivity (%) 86

Specificity (%) 98

Positive predicted value (%) 93

Negative predicted value (%) 96

Area under the curve 0.99
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intermediate, and brown. These results suggest that the ability
of the estimated model to make accurate predictions is only
slightly reduced when using the 0.5 threshold. Another impor-
tant factor is that for the data sets under consideration, TYR
rs1393350 and IRF4 rs12203592 do not seem to play such an
important role in the differentiation of brown and intermediate
eye color as suggested byWalsh et al. [7] because they are not
statistically significant. This conclusion may reflect the exis-
tence of some admixing just as Dembinski et al. reported for a
US population [14]. On the other hand, this could also be a
consequence of using a smaller sample size than Walsh et al.
[7]. Nevertheless, the AUCs clearly show that the estimated
model is well fitted to the Portuguese population. This con-
clusion is verified by a correct eye color prediction rate of
72 %, with 17 % inconclusive, and only 11 % incorrect.
Additionally, the results from cross-validation have also
showed that the model developed in this paper is very accurate
in predicting eye color for future observations.More precisely,
the AUCs based on the cross-validation methodology were
similar to those obtained from the whole data set.

Concerning skin color prediction, the modeling proce-
dure began with multinomial logistic regression so as to
conduct a similar analysis to eye color. The estimated
model did not give accurate results. The reason for this
is that Portugal is the most southwestern region of
Europe, and as a result, it is difficult to encounter indi-
viduals of the types I and II Fitzpatrick phototype that are
much more commonplace in northern Europe. For the
sample under analysis, the number of individuals who
belonged to those two categories was significantly re-
duced. Consequently, in order to satisfactorily carry out
the statistical analysis, these individuals were amalgamat-
ed into the same category as types III and IV Fitzpatrick
phototypes. This category mainly corresponds to
Mediterranean individuals. Unfortunately, this procedure

prevented predictions between phototypes of classes I/II,
III/IV, and V/VI as initially desired. However, it was pos-
sible to differentiate between class V/VI (dark brown
skin) and the two others (white skins). If a larger sample
was used, the multinomial logistic regression model
would lead to more accurate results. In this case, it would
be possible to develop a model to predict all skin types.

Thus, skin color prediction was based on the binomial lo-
gistic regression model. The results were very promising. In
fact, the statistical analysis has led to an estimated model with
a prediction accuracy of 93 %. The AUC value is 0.99, which
gives an excellent discrimination between skin colors. This
model has proved its value with a 95 % correct prediction,
which can be considered a very good estimation. Moreover,
the model is highly adequate for predicting skin color for
future individuals. The veracity of this statement relies on
the fact that the AUC by cross-validation is similar to that
attained by analyzing the whole data set.

To summarize, in this paper, the multinomial and bino-
mial logistic regression models were used to predict eye
and skin color, respectively. One of the major advantages
of these methodologies is that they rely on a strong theo-
retical framework. As a consequence, the contribution of
each SNP to the prediction of the outcome (either eye or
skin color), as well as its precision, can be obtained (see
Tables 1 and 3). Moreover, the models developed in the
paper have revealed excellent prediction accuracies. These
methodologies are largely applied in forensic biology, as
can be seen, for instance, in [11, 14–17, 19, 21]. In future
research, classification methods, such as neural networks
for instance, may be applied to these data sets so as to
predict eye and skin colors. Liu et al. [15] used multino-
mial logistic regression to predict eye color. However,
they also used classification methods (Fuzzy c-means
clustering, neural networks, and classification tree) to
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skin color: ROC curve and AUC
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attain the same objective. In their Supplemental Data [15],
they demonstrated that multinomial logistic regression be-
haves better than the classification methods in respect to
the model’s ability to correctly discriminate between three
different categories of eye color.

Conclusions

EVCs such as eye and skin color can be difficult to classify
due to the small difference between adjacent categories, espe-
cially when classification is done by visual determination due
to differences in the observers color perception. Nevertheless,
visual determination is still the basis for eyewitness testimo-
nies used in the field of criminal investigation. These charac-
teristics are even more difficult to investigate due to their
multigenic nature that is frequently subjected to the influence
of environment.

Despite the limitations cited previously, good results
have been obtained for the prediction of eye color, a char-
acteristic that is the result of a relatively small number of
genes and with little influence of environment. Still, eye
color is very informative about the appearance of an indi-
vidual. A good example of eye color investigation is the
development of IrisPlex, a multiplex developed for eye
color determination [7]. However, genes involved in eye
color determination are also involved in other “color”
characteristics, such as hair color [3]. In this work, the
IrisPlex has been supplemented with three additional
SPNs in order to obtain a simultaneous test for eye and
skin color determination.

In addition to eye color analysis, different loci from
other candidate genes can be used to complement
IrisPlex and enhance prediction models, as discussed by
Dembinski and Picard [21]. Thus, in the future develop-
ment of this kind of multiplex, it is intended to add dif-
ferent loci so as to infer other phenotypic characteristics.
This procedure will certainly lead to the establishment of
more informative “intelligence” tools. Together, these will
not only enhance the prediction accuracy independently of
the studied populations and the admixing present, but will
also provide combined information about eye, hair and
skin color, or even about other characteristics too.
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