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IntroductIon
There are beneficial early therapy interventions for individuals 
clinically affected with sex chromosome aneuploidy or fragile 
X syndrome (FXS). Thus, a case can be made for including 
testing for these conditions in newborn screening programs.1 
Sex chromosome aneuploidies have high frequencies in the 
general population. Klinefelter syndrome is found in up to 1 
in 450–600 males,2,3 45,X Turner syndrome in 1 in 2,000 
females,4 and 47,XXX in 1 in 1,000 females.4 Although some 
47,XXX individuals display marked difficulties in speech 
and language, motor skills, and educational achievement,5 
most of the individuals with 47,XXX do not manifest major 
medical problems.6 In contrast, girls with Turner syndrome 
suffer from a number of major medical problems including 
cardiac anomalies, short stature, and gonadal dysgenesis, 

which if detected early enough can be treated through cardiac 
intervention, growth hormone, or sex hormone therapy at 
puberty.7 Most men with Klinefelter syndrome have primary 
gonadal failure and benefit from testosterone replacement 
therapy from puberty. In addition, they and 47,XYY individu-
als have been reported to be at increased risk for autism spec-
trum disorder,8 and may therefore benefit from educational 
and behavioral interventions before puberty.2,9 This is perti-
nent for Klinefelter syndrome given that up to 70% of cases 
currently remain undiagnosed, and most of these diagnoses 
occur well into adulthood.2

We have developed a high-throughput FXS test targeting meth-
ylation of specific biomarker CpG sites within the FMR1 intron 
1 region named fragile X–related epigenetic element 2 (FREE2). 
The test uses matrix-assisted laser desorption/ionization 

Purpose: We show that a novel fragile X–related epigenetic ele-
ment 2 FMR1 methylation test can be used along with a test for sex-
 determining region Y (SRY) to provide the option of combined fragile 
X syndrome and sex chromosome aneuploidy newborn screening.

Methods: Fragile X–related epigenetic element 2, SRY, and FMR1 
CGG repeat analyses were performed on blood and saliva DNA, and in 
adult and newborn blood spots. The cohort consisted of 159 controls 
(CGG <40), 187 premutation (CGG 56–170), and 242  full-mutation 
(CGG ~200–2,000) males and females, 106 sex chromosome aneu-
ploidy individuals, and 151 cytogenetically normal controls.

results: At the 0.435 threshold, fragile X–related epigenetic ele-
ment 2 analysis in males was robust on both blood DNA and new-
born blood spots, with specificity and sensitivity of ~100% for 
 full-mutation genotype. In females, the specificity was 99%, whereas 

half of full-mutation females were above the 0.435 threshold in both 
blood DNA and newborn blood spots. Furthermore, at this thresh-
old, the test could not differentiate individuals with Klinefelter syn-
drome from female controls without using the SRY marker. When 
combined with SRY analysis, the test was consistent with most results 
for sex chromosome aneuploidies from karyotyping.

conclusion: Setting specific thresholds for fragile X–related epi-
genetic element 2 analysis and including the SRY marker provides 
the option to either include or exclude detection of sex chromosome 
aneuploidies as part of fragile X syndrome newborn screening.
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 time-of-flight mass spectrometry system that can provide auto-
mated methylation analysis of thousands of DNA samples daily, 
at a lower cost as compared with standard FXS testing.10–13 This 
test also has the potential to be used for detection of sex chromo-
some aneuploidy.

FXS is the most common inherited form of intellectual disabil-
ity, with a frequency of 1 in 3,600 in the general population.14 It 
is also one of the most common inherited conditions comorbid 
with autistic behaviors, and accounts for ~2–6% of all individu-
als diagnosed with autism (reviewed in ref. 15) FXS is usually 
caused by expansion of a trinucleotide CGG repeat within FMR1 
to >200 repeats, termed full mutation (FM).16 In most cases, this 
causes silencing of FMR1 due to methylation of its promoter and 
loss of its protein product (fragile X mental retardation protein), 
which is essential for normal neurodevelopment.17–19 The more 
common small-expansion alleles, termed premutation (PM: 
55–199 CGG repeats in 1 in ~300 individuals),20 and gray-zone 
alleles (45–54 CGG repeats 1 in ~ 30 individuals)21 do not cause 
the epigenetic silencing of FMR1 gene associated with FXS, but 
have been linked to late-onset neurological and reproductive 
disorders through an RNA toxicity mechanism.22,23

The FREE2 blood test identifies cognitively impaired FM 
males and females with specificity and sensitivity approaching 
100%, but cannot distinguish between small-expansion carriers 
and healthy controls or high-functioning males with unmethy-
lated FM alleles.11–13 This is highly advantageous for newborn, 
infant, or early childhood population screening because the test 
potentially detects only those who would directly benefit from 
early diagnosis.24

In this study, we performed technical validation for the 
FREE2 analysis in detection of FXS alleles in archival newborn 
and adult dried blood spots and venous blood DNA. We also 
explored the potential of the test to detect all sex chromosome 
aneuploidies with a view to expanding the scope of this test 
beyond newborn screening for FXS.

MaterIals and Methods
Participants and sample processing
The sex chromosome aneuploidy cohort included 257 partici-
pants aged between 19 and 69 years. Saliva and venous blood 
were collected from 162 and 95 individuals, respectively. The 
fragile X cohort included 588 participants aged between 1 day 
(newborns) and 67 years, with venous blood (n = 490) and 
newborn and adult dried blood spots (n = 98) collected from 
multiple centers in Australia and the United States as detailed 
in Supplementary Tables S1 and S2 online.

The study was approved by the Royal Children’s Hospital 
Human Research Ethics Committee and the Southern Health 
and Monash University Human Research Ethics Committees, 
both located in Victoria, Australia, and by the Institutional 
Review Board of the University of California, Davis.

The adult dried blood spots were made at the time of venous 
blood collection by dropping 50 µl of venous blood onto one 
disk of a Watman 903 card, and were stored at room tempera-
ture for 1 year. The de-identified newborn blood spots (NBSs) 

from controls and FM individuals were obtained as residual 
blood spot material through the Victorian Clinical Genetics 
Services newborn screening program.

One or two 3-mm punches from each dried blood spot disk 
were collected into 96-well plates or 1.5-ml eppendorf tubes 
using the Wallac DBS Puncher (Perkin Elmer, Waltham, MA) 
and stored at room temperature, as indicated in the results 
section. Each punch or set of punches was incubated in 55 µl 
of salt lysis buffer (Murdoch Childrens Research Institute, 
Melbourne, Australia) for 15 min at 98 °C in a heat block for 
cell lysis, degradation of proteins and release of the DNA into 
the solution. After boiling, the samples were centrifuged and 
the supernatant transferred to a fresh 96-well plate. This extract 
was then treated with sodium bisulfite as described for venous 
blood and saliva DNA.

The individuals with sex chromosome aneuploidy who pro-
vided saliva were recruited from across Australia as part of 
another study.3 Blood (3–10 ml per individual) was collected 
in EDTA-treated tubes and DNA extracted using NucleoSpin 
Tissue genomic DNA extraction kit, as per manufacturer’s 
instructions (Düren, Germany).

Molecular studies
DNA samples and dried blood spot extract were tested in 
this study for FMR1 CGG expansion size25 and for methy-
lation via the Sequenom EpiTYPER system as previously 
described.11 Methylation analysis for each sample was per-
formed in duplicate (unless otherwise stated), giving two 
separate methylation output ratios (MORs), reflecting tech-
nical variation resulting from bisulfite conversion, PCR, and 
mass cleave reactions.

The 7900HT Fast Real Time PCR machine (Applied 
Biosystems, Foster City, CA) was used to quantify the sex-
 determining region Y (SRY) gene copy number, using real-time 
PCR relative standard curve method,26 normalized to β-globin 
copy number. The SRY and β-globin dynamic linear range was 
performed on a series of doubling dilutions of a DNA standard 
(100–0.8 ng/µl). Previously published sequences were used for 
primers and probes for the SRY and β-globin genes.27 All sam-
ples were assayed in duplicate 10-µl multiplexed PCR reactions. 
The samples were quantified in arbitrary units (au) in relation to 
the standard curves performed on each plate.

data analysis
The sensitivity was considered to be a measure of the probability 
of correctly identifying the presence of a specific abnormal epi-
genotype, i.e., FXS/FM hypermethylated by Southern blot or 
sex chromosome aneuploidy, with methylation above a methy-
lation threshold of 0.435 or 0.38 as indicated. The specificity 
was regarded as a measure of the probability of correctly iden-
tifying an individual who does not have this epi-genotype, i.e., 
healthy controls, PM, and unmethylated “ high-functioning” 
FM (UFM) males.

Comparisons between the groups in the median methyla-
tion output ratio were conducted using the nonparametric 
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Mann–Whitney two-sample test. All analyses were conducted 
using the publicly available R statistical computing package (R 
Development Core Team 2007 R: ISBN 3-900051-07-0. URL: 
http://www.r-project.org/; accessed 19 February 2009).

results
determining technical variation of cpG10–12 methylation 
analysis for detection of FXs alleles in high quality dna 
from lymphoblast cell lines and archival dried blood spots
To assess intrarun technical variation on high-quality DNA 
from patient and control lymphoblast cell lines described in 
ref. 11, methylation analysis was performed on eight DNA sam-
ples on 14 different occasions over a 7-month period by three 
different operators, with skill sets ranging from experienced 

to novice. Three of these samples were made by spiking DNA 
from a healthy male with DNA from an FXS-affected male at 
different ratios (Figure 1a). To assess inter-run variation, we 
performed analysis on adult dried blood spots (DBSs) from 
control, PM, and FM males and females, kept at room temper-
ature for 1 year. Of the six individuals, one was a fully affected 
FM male and another was an asymptomatic female mosaic for 
PM and FM alleles. The contribution of bisulfite conversion 
(first stage of analysis) to technical variation in these samples 
was determined by assaying one DBS from each of the six 
individuals multiple times with the maximum of nine bisul-
fite conversions per sample. Each conversion was assessed in 
triplicate PCR/mass cleave reactions (Figure 1b). The contri-
bution of PCR and mass cleave (second stage of analysis) to 
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Figure 1 Inter- and intrarun technical variation of FMR1 intron 1 cpG10–12 methylation analysis using MaldI-toF methylation analysis in 
adult (>18 years of age) male and female dried blood spots (dBss) and lymphoblast dna. (a) To assess intrarun variation, methylation analysis was 
performed on eight lymphoblast DNA samples on 14 different occasions over a 7-month period by three different operators. Three of these samples were made 
by spiking DNA from a healthy male with DNA from a fragile X syndrome (FXS)-affected male at 2:1, 1:1, and 1:2 ratios. A curve was generated for the spiked 
and pure samples to examine the relationship between CpG10–12 methylation output ratios and expected methylation resulting from spiking. (b) To assess 
inter-run variation resulting from bisulfite conversion (first stage of analysis) and to determine the least number of technical bisulfite conversion replicates that 
will not make a difference in the result, one DBS from each of the six individuals was assayed multiple times with the maximum of nine bisulfite conversions per 
sample. Each conversion was assessed in triplicate PCR/mass cleave reactions. Each bar represents the mean of this triplicate assessment for different number 
of conversions, as indicated. (c) To assess inter-run variation resulting from PCR and mass cleave (second stage of analysis) and to determine the least number 
of technical PCR and mass cleave replicates that will not make a difference in the result, one DBS from each of the six individuals was bisulfite converted nine 
times per sample. Each conversion was analyzed either in triplicate, duplicate, or single PCR/mass cleave reaction, as indicated. The error bars represent one 
SD. FM, full mutation; meth., methylation; MOR, methylation output ratio; PM, premutation.
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technical variation in these samples was determined by assay-
ing each of the nine bisulfite conversions either in triplicate or 
duplicate, or a single PCR/mass cleave reaction (Figure 1c). 
To determine the minimum number of 3-mm blood spot 
punches required per individuals, we performed CpG10–12 
methylation analysis in 40 de-identified control (CGG < 40) 
NBSs (20 males and 20 females). The comparison indicated 
that there was no significant difference in MOR between one 
versus two punches per individual (Supplementary Table S3 
online).

On the basis of the combined assessment of technical intra 
and inter-run variation, we conclude that for DBS methylation 
analysis using this technique, the lowest number of technical 
replicates required that will make the smallest difference in the 
output should be one 3-mm punch per individual. This punch 
should be converted in two bisulfite reactions, with each con-
version used for one PCR/mass cleave reaction, and the mean of 
the two separate reaction representing the final value. It is also 
important to note that the technical limitation of this approach 

is that it will not detect a difference in methylation less that 
10% of the true value, which is analogous to the contribution 
of the combined technical variation for FREE1 analysis11; and 
this limitation should be used when interpreting differences in 
biological variation.

comparison between groups: cpG10–12 methylation 
analysis for detection of FXs alleles in dried blood spots and 
venous blood
We have previously shown in a pilot cohort that in venous blood 
the MOR threshold of 0.435 had high specificity and sensitivity 
(approaching 100%) for detection of FM females with verbal IQ 
impairment, suggesting that this threshold would be the most 
appropriate for FXS newborn or early childhood screening.13 In 
Figure 2, we show that in a larger cohort, the 0.435 methylation 
threshold can separate FM individuals from PM and control 
groups as effectively in 500 ng of DNA from venous blood as in 
cell extract from one 3-mm punch per sample from dried blood 
spots of adults and newborns.
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Figure 2 comparison between groups of FMR1 intron 1 cpG10–12 methylation output ratio in 490 venous blood dna and 98 newborn and adult 
dried blood spots. (a) Venous blood DNA from 17 control, 38 premutation (PM), and 66 full-mutation (FM) males indentified through the developmental 
delay/autism spectrum disorder of unknown-cause fragile X syndrome (FXS) testing referrals (formal IQ testing was not performed); as well as four “high-
functioning” FM males with verbal IQ > 70 determined to be unmethylated using methylation sensitive Southern blot and identified through cascade testing. 
(b) De-identified newborn and adult dried blood spots from 20 control, 6 PM, and 20 FM males located through cross-matching laboratory identification 
numbers of venous blood samples referred for routine fragile X testing; as well as two dried blood spots from “high-functioning” FM males with verbal IQ > 70 
determined to be unmethylated using methylation sensitive Southern blot identified through cascade testing. (c) Venous blood DNA from 102 control, 137 PM, 
and 126 FM females indentified through the developmental delay/autism spectrum disorder of unknown cause and cascade FXS testing (formal IQ testing was 
not performed). (d) De-identified newborn and adult dried blood spots from 20 control, 6 PM, and 24 FM females located through cross-matching laboratory 
identification numbers of venous blood samples referred for routine fragile X testing; as well as one Turner syndrome dried blood spot.
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In venous blood DNA, all residual de-identified FM 
male samples obtained from the developmental delay refer-
rals show methylation above the 0.435 threshold, whereas 
“ high-functioning” FM males unmethylated by Southern blot 
show methylation well below this threshold. Considering that a 
vast majority of FM males from the developmental delay refer-
rals have FXS, the sensitivity and specificity for FXS in venous 
blood of this cohort of 125 males are both 100%.

In the NBS and DBS cohort of 48 males, all but one 
 de-identified FM male show methylation above the 0.435 
threshold. Unfortunately, there is no clinical information avail-
able for the NBS from the unmethylated de-identified FM 
obtained through cascade testing at Victorian Clinical Genetics 
Services, as this sample shows MOR equivalent to that of DBSs 
from the rare “high-functioning” FM males, unmethylated by 
Southern blot. Therefore, we had to consider this sample as a 
false negative, resulting in sensitivity of 100% and specificity 
of 95%, using the 0.435 MOR for methylation analysis in male 
dried blood spots.

In venous blood DNA from 365 females, 45% of FM indi-
viduals showed methylation above the 0.435 MOR, and in dried 
blood spots from 50 females, the proportion of abnormally 
methylated FM individuals was 43%, which are consistent with 
the previously reported 50% frequency of intellectual disability 
or borderline IQ in FM females.28 We also show that from 346 
healthy control and PM males and females, 99% have MORs 
below 0.435. Therefore, using the 0.435 threshold in this study, 
we can clearly differentiate hypermethylated FM alleles in males 
and females from control and PM groups in both venous blood 
DNA and dried blood spots.

Of the five samples from female control and PM groups that 
show MORs above 0.435, two are from venous blood DNA of 
PM females and three are control NBSs (Figure 2c,d). All three 
“false-positive” controls (Figure 2d in red) were kept at room 
temperature for >5 years and show MORs >0.435, possibly due 
to increased DNA fragmentation/poor DNA quality; and thus, 
if only blood spots that were kept at room temperature for <5 
years are included in the analysis, the specificity will be 100%. 
Of note, a 45,X adult single 3-mm DBS punch showed methyla-
tion equivalent to that of male controls (Figure 2d).

comparison between groups: sensitivity and specificity for 
sex chromosome aneuploidy screening using cpG10–12 
methylation and SRY copy number analyses
In this study, none of the saliva DNA samples showed CpG10–12 
MOR values above 0.435 (Figure 3a). However, for blood DNA, 
10 sex chromosome aneuploidy samples showed CpG10–12 
MOR values above this threshold (Figure 4a), and all of these 
samples had three or more X chromosomes. When classified 
into groups, two of two 48,XXXY, three of four 49,XXXXY, and 
five of eight 47,XXX samples showed values above the MOR of 
0.435. Both the 49,XXXXY and 47,XXX groups had methyla-
tion that was significantly higher than that of the 46,XX female 
controls (Figure 4a), with only one point of overlap with the 
control group at its highest MOR value of 0.38, suggesting that 

having two or more copies of an inactivated X chromosome 
increases the CpG10–12 MOR above the normal range and the 
0.435 MOR threshold.

For both saliva and blood, the CpG10–12 MOR values were 
significantly elevated in 46,XX controls and sex chromo-
some aneuploidy samples as compared with 46,XY controls 
(P < 0.0001), with no overlap in methylation values above the 
optimal threshold of 0.11 for detection of X-inactivation/extra 
copies of the X chromosome. In contrast, the SRY/β-globin 
copy number ratios were significantly elevated in 46,XY con-
trols and sex chromosome aneuploidy samples, with at least 
one copy of Y chromosome determined using molecular 
karyotyping, as compared with 46,XX controls (P < 0.0001) 
(Figure 3b, saliva and Figure 4b, blood). There were no SRY 
assay false negatives showing overlap in values for the 46,XX 
control range below the optimal threshold value of 0.01 for 
detection of Y chromosome copy number in both saliva and 
blood DNA. One of 11 individuals with 45,X Turner syn-
drome had SRY/β-globin copy number ratio above the 0.01 
threshold for the presence of Y chromosome, indicating pres-
ence of low level of 45,X/46,XY mosaicism, which was not 
identified using molecular karyotyping.

When the CpG10–12 MOR and SRY copy number analyses 
were combined, the true negatives were considered as samples 
positive for SRY and negative for CpG10–12 MOR (male con-
trols) or negative for SRY and positive for CpG10–12 MOR 
(female controls). The true positives for sex chromosome aneu-
ploidy were considered as samples either positive for or negative 
for both SRY and CpG10–12 MOR. Thus, of the 162 saliva DNA 
samples, 97 were considered to be true negatives and 65 were 
considered to be true positives. In this context, combined SRY 
and CpG10–12 MOR analyses for sex chromosome aneuploidy 
showed sensitivity and specificity of 100% in saliva DNA.

In blood, using the same criteria, 54 of the 95 DNA samples 
were considered to be true negatives and 37 were considered to 
be sex chromosome aneuploidy true positives. In blood, only 
three sex chromosome aneuploidy samples (all with three or 
more X chromosomes) and one 45,X Turner syndrome sample 
(low level 45,X/46,XY mosaic) were considered to be false nega-
tives using this approach. Thus, at 0.435 MOR threshold, the 
combined CpG10–12 MOR and SRY analyses for sex chromo-
some aneuploidy in blood DNA showed sensitivity of 90% and 
specificity of 100%. If the CpG10–12 MOR threshold is lowered 
to the upper value of the control range (0.38), the sensitivity and 
specificity change to 98 and 99%, respectively.

dIscussIon
The case for including FXS testing into newborn screening has 
relied strongly on the failure to diagnose children early enough to 
provide information to parents on the risk of recurrence in sub-
sequent pregnancies. Most recently, the case has been strength-
ened by evidence that early intervention with psychological and 
educational therapies and treatment with psychotropic drugs 
can improve symptoms of FXS in affected children.29 Although 
these are not specific for diagnosis of FXS, there is now evidence 
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emerging of newer mGluR5-based therapies specific for FXS, 
which show potential to be used as part of an FMR1 promoter 
methylation-based pharmacogenomic approach.30

Another important advance has been the development of a 
suitable test1,13,31 with high sensitivity and specificity for epimu-
tation detection and prognosis in affected individuals. Of note, 
this test does not detect the very common unmethylated, gray-
zone, and PM alleles that are associated with currently untreat-
able, late-onset disorders.

The case for newborn screening for sex chromosome aneu-
ploidy is similar. Intervention therapies used at an early age can 
benefit individuals with these disorders,7,32–34 but existing tests 
such as molecular karyotyping are not suitable for low-cost, 
high-throughput use. The ability to combine FREE2 methyla-
tion and SRY copy number testing removes the technical bar-
rier to screening for sex chromosome aneuploidy and provides 
the option to perform “FXS only” screening or combined FXS 
and sex chromosome aneuploidy screening.
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Figure 3 comparison between groups of FMRI intron 1 cpG10–12 methylation output ratio (Mor) and sex-determining region Y (SRY) copy 
number in 162 saliva dna samples from control males and females and sex chromosome aneuploidy individuals 19–69 years of age. The sample 
consisted of 14 46,XY control males (<40 CGGs); 83 46,XX control females (<40 CGGs); 42 47,XXY Klinefelter syndrome males (confirmed by microarray analysis); 
13 47,XXY treated as Klinefelter syndrome males (confirmed by androgen receptor methylation analysis and androgen receptor CAG repeat length heterozygosity; 
no karyotype available); 6 mosaics for 46,XY/47,XXY (confirmed by microarray analysis); and 4 46,XX males with an SRY translocation (confirmed by microarray 
analysis). (a) CpG10–12 MOR values determined using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. (b) SRY/β-globin copy number 
ratios determined using real-time PCR.Each blue dot represents the output for a single sample; the box plots represent the median and interquartile range for each 
group; the red broken line represents the optimal threshold value for detection of full mutation females with verbal IQ < 70; the green broken line represents the 
optimal threshold value for detection of presence of X-inactivation; and the blue broken line represents the optimal threshold value for detection of presence of 
one or more copies of Y chromosome.
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using the Free2 methylation test for combined FXs and sex 
chromosome aneuploidy screening
We have, therefore, investigated which sex chromosome aneu-
ploidies would be detected using the FREE2 methylation test if a 
Y chromosome marker was included and the positive  methylation 
threshold was lowered to just above the upper range of the thresh-
old of male controls. We found that by including the Y chromo-
some marker with a 0.435 MOR FXS methylation threshold,13 
almost all sex chromosome aneuploidies could be differentiated 
with sensitivity and specificity approaching 100%. The excep-
tions were one 49,XXXXY and two 47,XXX individuals who 
could not be differentiated from control females. However, if the 
methylation threshold was lowered to the MOR of 0.38, which is 
the upper MOR value of control females, the test would correctly 
identify these three cases, but at the expense of  misclassifying one 
of 118 XX control females (i.e., a 0.8% false-positive rate).

using the Free2 methylation test for only FXs screening
Incidental detection of sex chromosome aneuploidies has also 
been recently described as a major impediment to the intro-
duction of FXS newborn screening,1,31 as these are fivefold 
more prevalent than FXS individuals in the general popula-
tion and may be asymptomatic. In this study, we show that the 
FREE2 methylation test is specific for hypermethylated FM 
alleles, and is as robust in one 3-mm punch from an archival 
dried blood spot as from venous blood DNA. The test also 
has a very low level of technical variation (<10%). If the sex of 
the individual tested is not determined (i.e., no SRY marker is 
used), the test does not differentiate between healthy control 
males and females, the vast majority of PM and unmethyl-
ated FM “high-functioning” males, and individuals with sex 
chromosome aneuploidies. This approach, thus, overcomes the 
concerns raised by Coffee.31 The exceptions are some, but not 

Figure 4 comparison between groups of FMR1 intron 1 cpG10–12 methylation output ratio (Mor) and sex-determining region Y (SRY) copy number 
in 95 blood dna samples from control males and females and sex chromosome aneuploidy individuals 19–69 years of age. The sample consisted 
of 19 46,XY control males (<40 CGGs); 35 46,XX control females (<40 CGGs); 10 47,XXY Klinefelter syndrome males (karyotype confirmed); 1 48,XXYY male 
(karyotype confirmed); 4 47,XYY males (karyotype confirmed); 1 48,XXYY/47,XXY mosaic male (karyotype confirmed); 2 48,XXXY males (karyotype confirmed); 
4 49,XXXXY males (karyotype confirmed); 8 47,XXX females (karyotype confirmed); and 11 45,X Turner syndrome females (karyotype confirmed). (a) CpG10–12 
MOR values determined using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. (b) SRY/β-globin copy number ratios determined using 
real-time PCR. Each blue dot represents the output for a single sample; the box plots represent the median and interquartile range for each group; the red broken 
line represents the optimal threshold value for detection of full mutation females with verbal IQ < 70; the green broken line represents the optimal threshold value 
for detection of presence of X-inactivation; and the blue broken line represents the optimal threshold value for detection of presence of one or more copies of Y 
chromosome. Comparison with 46,XY controls, ##P < 0.01, ###P < 0.001; comparison with 46,XX controls, **P < 0.01, ***P < 0.001.
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all, individuals with three or more X chromosomes, who are 
rare. In this scenario, the test is essentially specific for FXS and 
avoids the ethical concerns related to incidental detection of 
sex chromosome aneuploidies through FXS newborn screen-
ing strategies performed with other FXS methylation and 
CGG-based tests.31

Proposed follow-up confirmatory testing for screening 
without use of an SRY marker
Of the 10 aneuploid samples with CpG10–12 MOR above the 
0.435 FXS threshold, five were from 48,XXXY and 49,XXXXY 
individuals; the other five were 47,XXX. In practice, this would 
mean that all samples with CpG10–12 MOR above 0.435 would 
need follow-up testing to distinguish between FXS individuals 
and those with three or more X chromosomes. Therefore, in the 
context of newborn screening, we recommend all positives with 
MOR above 0.435 to be re-tested using microarray molecular 
karyotyping in venous blood or saliva DNA to differentiate rare 
infants with three or more X chromosomes from FM individu-
als affected with FXS. Those individuals with a normal num-
ber of X chromosomes but with MOR above 0.435 would then 
need to be re-tested using venous blood or saliva for the pres-
ence of expanded methylated FMR1 alleles using the standard 
 fragile X testing protocols involving CGG sizing and methylation 
analyses.

Projected costs and estimated benefits of FXs newborn 
screening
Because the NBS screening protocol proposed in this study has 
no requirement for DNA extraction, the cost of reagents is analo-
gous to that for other FXS CGG-based PCR tests previously pro-
posed for newborn screening.35 Depending on test volume, the 
approximate cost for inclusion of FXS into newborn screening 
using FREE2 methylation analysis would be between $700,000 
and $1.5 million for every 100,000 babies tested (i.e., lower cost 
with greater test volume). On the basis of the previously reported 
FM frequency range (between 1 in 2,000 and 1 in 3,600 in the 
general population)14 and the fact that approximately half of 
all FM females will be identified using the FREE2 test, we esti-
mate that between 21 and 38 FXS-affected individuals (and their 
 families) will be identified for every 100,000 newborns screened.

The societal cost of providing health-care services over the 
lifetime of an individual with FXS is estimated to be between 
$350,00036 and $2.5 million.37 Newborn screening for FXS has 
the potential to reduce the incidence of FXS in the population 
through identification of at-risk families who would be pro-
vided reproductive options. Without making any assumptions 
in estimating the proportion of families that would avail them-
selves of these options, a circumspect projection would be that 
there would be the potential for very significant cost savings in 
the health-care provision for this condition.

A useful comparison may be made with existing programs 
that have been implemented worldwide to screen newborns for 
cystic fibrosis (CF), which like FXS currently has no cure.38,39 
Following a positive CF screening result, a second-stage DNA test 

is performed, which in the Victorian Clinical Genetics Services 
diagnostic laboratory also uses matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry. For every 100,000 
babies, CF screening identifies 25 affected individuals with the 
estimated lifetime cost per individual >$350,000. Similar to the 
estimates for our FXS test, the combined cost of the CF program 
including follow-up is ~$700,000 for every 100,000 screened.38,39 
Newborn screening for CF aims to achieve an early diagnosis 
and earlier treatment of symptoms. It also benefits the parents 
of these children by informing them of reproductive options. 
Given these similarities, the same arguments can be put forward 
to support newborn screening for FXS.

Although we do not express our preference for or against 
combined sex chromosome aneuploidy and FXS newborn 
screening, at the present time, implementation of an “FXS only” 
test would be more practical, at least from the perspective of 
health economics. Although the inclusion of an SRY test is not 
expensive in itself (~$0.8 per sample), it would identify a large 
number of individuals (1 in 600 in the general population) who 
would require follow-up with management protocols, which 
may prove to be too expensive. However, as more information is 
collected on the benefits of early intervention, this cost–benefit 
analysis may change.

In summary, early diagnosis of FXS or sex chromosome aneu-
ploidy through newborn screening programs may improve the 
development and potential of affected individuals through the 
use of intervention therapy programs. Full consideration of 
including these disorders in newborn screening is now unim-
peded by the lack of tests suitable for this purpose. The FREE2 
methylation test provides accurate diagnosis of FXS and also 
provides prognostic information and if used in combination 
with a test for SRY can also detect the vast majority of sex chro-
mosome aneuploidies. The comprehensive cost–benefit analy-
sis, including ethical issues, of testing for these disorders within 
newborn screening programs can now be fully addressed.

SuPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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