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A B S T R A C T

Background: A source of error in prenatal screening for trisomies is PCR amplification error associated with
guanine-cytosine (GC) content of DNA fragments in maternal plasma. We describe a simple method of allowing
for this.
Methods: Data from a Reflex DNA screening programme (67 trisomy 18 and 83 unaffected pregnancies) were
used to compare the ratio of chromosome 18 DNA fragment counts to chromosome 8 DNA fragment counts
(because chromosome 8 has a similar GC content to chromosome 18) with the percentage of chromosome 18
DNA counts using counts from all autosomes in the denominator, with and without an all autosome correction
for the GC content of the DNA fragments.
Results: A chromosome 18 to 8 ratio of DNA fragment counts was more discriminatory than the percentage of all
autosome counts arising from chromosome 18 without, or with an all autosome correction for GC content bias. It
achieves a high screening performance, eg. for a 0.25% false-positive rate, a 97% detection rate instead of 49%
without a correction for GC content, and 91% with an all autosome correction for GC content.
Conclusion: Consideration can be given to using the ratio of chromosome 18 DNA fragment counts to chromo-
some 8 DNA fragment counts in cell-free DNA prenatal screening for trisomy 18, avoiding the need for more
complex methods of making a correction for the GC content currently used.

1. Introduction

Analysis of maternal plasma DNA (also known as cell-free DNA) is
an accurate method for prenatal screening for fetal trisomies 21, 18,
and 13 [1]. However the screening performance for trisomy 18, is less
than for trisomy 21 [2], and the reasons for this are unknown. This
prompted us to examine possible sources of analytical error that might
affect DNA screening for trisomy 18.

The DNA analysis most widely used in prenatal screening for
trisomy 18 is massively parallel sequencing. This involves sequencing
several million DNA fragments in maternal plasma and then calculating
the proportion of sequences that map to chromosome 18. The de-
nominator of the proportion is usually the number of DNA fragments
that map to all autosomes. A correction for GC (guanine-cytosine)
content of the DNA fragments is usually applied [3] to allow for GC
associated error in the PCR copying number of DNA fragments. The
usual method for allowing for GC error relies on a plot of the number of

sequenced DNA fragments from all chromosomes against the GC con-
tent of the fragments [4]. Ideally, there should be no association be-
tween the GC content of a fragment and the fragment counts sequenced
so that the plot is horizontal. In practice, however, the plot is bell-
shaped, indicating underestimation with DNA fragments with high and
low GC content and overestimation in between. Deviations from the
overall average (ie. expectation) can be used to standardize (ie. correct)
the error. The method has the advantage of generalizability (eg. ap-
plicable to DNA fragments from all chromosomes) but it has several
disadvantages. The method is prone to variation from analytical run to
run, and corrections, vary according to the pre-sequencing steps (eg.
how the PCR is performed), and according to the sequencing methods
used, all of which impair analytical precision. This all autosome GC
correction method is complex, not transparent, and requires a large
dataset, preferably linked to a particular sequencing method and la-
boratory.

Sehnert and colleagues [5] indicate that it may be better to use a
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single or a small number of chromosomes in the denominator, instead
of all autosomes when calculating the proportion of DNA fragments
aligning to chromosome 18. Empirical testing of different chromosome
denominators indicated that chromosome 8 was the most dis-
criminatory for trisomy 18. We explored this strategy as a way of im-
proving DNA screening performance for trisomy 18, using a larger data
set obtained from the Wolfson Institute (London) prenatal screening
programme for trisomy 21, 18, and 13 from 2015 to 2018.

2. Methods

Maternal plasma DNA from 67 trisomy 18 (affected) pregnancies
and 83 unaffected pregnancies was sequenced using a semiconductor
sequencing platform and software [6]. Typically about 10 million DNA
fragments were analysed in each plasma sample. Data from the BAM
(Binary Alignment Map) files that plasma DNA analysis generated for
each pregnancy were aligned to the human reference genome (hg19).
DNA fragments that mapped to individual chromosomes were counted.
The fetal fraction of individual samples was estimated by proprietary
(Premaitha) software within the test platform.

DNA fragments from chromosome 18 were expressed as (i) a per-
centage using counts from all autosomes as the denominator, without a
correction for GC content, (ii) a percentage using counts from all au-
tosomes as the denominator, with an all autosome correction for GC
content and (ii) a ratio using counts from chromosome 8 as the de-
nominator. Whether a percentage or ratio is used with all autosomes as
the denominator will make little difference because the proportion of
DNA fragments from chromosome 18 is small compared to fragments
from all autosomes. However, when only considering chromosomes 18
and 8 it does matter because the random error arising from combining
the DNA fragment counts from chromosomes 18 and 8 in the denomi-
nator is greater than with fragments from chromosome 8 alone. Dot
plots, that categorise observations in a manner that avoids overlapping
dots, were used to visually compare the distributions in affected and
unaffected pregnancies with DNA fragments from chromosome 18 ex-
pressed as (i) a percentage using counts from all autosomes as the de-
nominator, without a correction for GC content, (ii) a percentage using
counts from all autosomes as the denominator, with an all autosome
correction for GC content and (ii) a ratio using counts from chromo-
some 8 as the denominator.

The percentages and ratio were converted into multiple of the
median (MoM) values by dividing by the respective median percentages
and ratio in unaffected pregnancies. A regression of log10 MoM values
against fetal fraction in affected pregnancies was performed to estimate
the fetal-fraction specific median MoM in affected pregnancies. To

illustrate the fit of chromosome 18 MoM values (using all autosomes as
the denominator and using chromosome 8 as the denominator) to
Gaussian distributions, probability plots were generated separately for
affected and unaffected pregnancies, with affected pregnancies stan-
dardised to a fetal fraction of 6% by adjusting the MoM values ac-
cording to the slopes of the regression lines. Points on the probability
plots lying on a straight line indicate a good fit to a Gaussian dis-
tribution. The standard deviations of MoM values in affected and un-
affected pregnancies were taken as the slopes of regression lines of the
points on each probability plot between the 10th and 90th centiles; a
standard method of estimating the standard deviation that avoids the
undue influence of outliers. [7] The risk of each of the 67 affected and
83 unaffected pregnancies being affected with trisomy 18 was esti-
mated as the maternal age-specific odds of an affected livebirth [8],
adjusted to the first trimester by the fetal loss rate from this time in
pregnancy until term [9], multiplied by the likelihood ratio (the height
of the fetal-fraction specific Gaussian distribution in affected pregnan-
cies divided by the height of the Gaussian distribution in unaffected
pregnancies). Screening performance was estimated as the detection
rate (DR; the proportion of affected pregnancies with a positive result)
for a specified false-positive rate (FPR; the proportion of unaffected
pregnancies with a positive result), (FPR for a specified DR and DR and
FPR for a specified risk cut-off). Modelling based on multivariate
Gaussian analyses provides a more robust estimate of screening per-
formance, provided the underlying distribution of the markers are ap-
proximately Gaussian, a method that is routinely used in prenatal
screening and has been empirically validated. [10–12] It avoids random
error in estimation that arises from using directly observed results when
the number of observations is not large, for example if there were no
false-positives among 100 unaffected pregnancies in a study sample, it
should not be taken to mean that there will be no false-positives in the
population at large. We provide observed and modelled results so that a
comparison can be made between the two methods. Screening perfor-
mance using modelled DNA counts was estimated by simulating data on
100,000 affected and unaffected pregnancies based on (i) the dis-
tribution of live births in England and Wales 2014–16 [13], (ii) the
distributions of fetal fraction in affected and unaffected pregnancies
and (iii) the fetal-fraction-specific Gaussian distributions of chromo-
some 18 MoM values using (a) all autosomes as the denominator, with
and without an all autosome correction for GC content, and (b) chro-
mosome 8 as the denominator. The likelihood ratio and risk of being
affected was then calculated as with the observed data from the 67
affected and 83 unaffected pregnancies i.e. using observed DNA counts.

Fig. 1. Percentage of DNA fragments in maternal plasma from chromosome 18 (expressed as a percentage of all autosomes) without (a) and with (b) an all autosome
correction for GC content and (c) ratio of DNA fragment counts in maternal plasma from chromosome 18 to fragment counts from chromosome 8 in 67 affected and
83 unaffected pregnancies.
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3. Results

Fig. 1a shows the percentage of chromosome 18 DNA fragments in
maternal plasma (expressed as a percentage of fragments from all au-
tosomes) without any correction for GC content based on 67 affected
and 83 unaffected pregnancies. The figure shows higher values in af-
fected pregnancies (median 2.87%) than in unaffected pregnancies
(median 2.78%), but there is considerable overlap in values. Fig. 1b
shows the same, but with an all autosome correction for GC content.
The range of values in unaffected pregnancies is much reduced and
there is little overlap between the values for affected (median 3.21%)
and unaffected pregnancies (median 3.10%). Fig. 1c shows the ratio of

fragment counts from chromosome 18 to chromosome 8. The range of
values in unaffected pregnancies is further reduced and there is little
overlap between the values for affected (median 0.535) and unaffected
pregnancies (median 0.517).

Appendix Fig. 1 shows the relationship between percent chromo-
some 18 expressed as MoM values using all autosomes as the denomi-
nator without a correction for GC content in affected pregnancies ac-
cording to fetal fraction together with a regression line. MoM values
increased by 0.26% for each percentage point increase in fetal fraction
(p < 0.001). Appendix Fig. 2 shows the same, but with an all autosome
correction for GC content. MoM values increased by 0.32% for each
percentage point increase in fetal fraction (p < 0.001). Appendix Fig. 3

Fig. 2. Relative frequency distributions of DNA fragment counts in maternal plasma from chromosome 18 expressed as the percentage of all autosome fragment
counts from chromosome 18 without (a) and with (b) an all autosome correction for GC content and (c) the ratio of chromosome 18 to chromosome 8 counts (all
standardised to a fetal fraction of 6%; in multiples of the unaffected median [MoM] values; on a log scale).
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shows the same, but using the ratio of chromosome 18 to chromosome 8
counts. MoM values increased by 0.33% for each percentage point in-
crease in fetal fraction (p < 0.001). The regression line equations used
to define the fetal fraction-specific median MoM in affected pregnan-
cies, and the standard deviations of MoM values in affected pregnancies
are given in Appendix Table 1. The standard deviation of log10 MoM
values in unaffected pregnancies was statistically significantly smaller
for the ratio of fragment counts from chromosome 18 to chromosome 8
than the percentage of chromosome 18 DNA fragments using all auto-
somes as the denominator with an all autosome correction for GC
content (p=0.002).

Appendix Figs. 4, 5 and 6 show probability plots of MoM values
using chromosome 18 counts as a percentage with an all autosome
denominator without and with correction for GC content and using the
ratio of chromosome 18 to chromosome 8 counts respectively, with
MoM values in affected pregnancies standardised to a fetal fraction of
6%. All the plots are reasonably linear indicating a good fit to Gaussian
distributions. The plots for affected and unaffected pregnancies in
Appendix Fig. 6 are “flatter”, indicating smaller standard deviations
using the ratio of chromosome 18 to chromosome 8 counts than chro-
mosome 18 counts as a percentage with an all autosomal denominator
either with or without a correction for GC content.

Fig. 2 shows the modelled distributions (using medians and stan-
dard deviations derived from Appendix Figs. 4, 5 and 6) using chro-
mosome 18 counts as a percentage with an all autosome denominator
without (Fig. 2a) and with (Fig. 2b) an all autosome correction for GC
content and using the ratio of chromosome 18 to chromosome 8 counts
(Fig. 2c), with MoM values in affected pregnancies standardised to a
fetal fraction of 6%. The figure shows greater discrimination (Fig. 2c)
using the ratio of chromosome 18 to chromosome 8 which arises from
the smaller standard deviation in unaffected pregnancies and hence
reduced overlap between the distributions in affected and unaffected
pregnancies.

Table 1 shows the trisomy 18 detection rates and false-positive rates
based directly on the observed data and based on the modelled results
using the distribution parameters in Appendix Table 1. The observed
and modelled results are similar, for example at a 1 in 50 risk cut-off,
using the ratio of chromosome 18 to chromosome 8 counts the detec-
tion rate is 97% (65/67) and false-positive rate is 0% (0/83) compared
with the modelled estimates of 95% and 0.05% respectively. There is a
clear improvement in performance when the ratio of chromosome 18 to
chromosome 8 counts is used instead of using chromosome 18 counts as
a percentage with an all autosome denominator either with or without
an all autosome correction for GC content. For example, at a risk cut-off
of 1 in 50 the DR is 95% and the FPR 0.05% using the ratio of chro-
mosome 18 to chromosome 8 counts compared with a DR of 89% and
an FPR of 0.12% using chromosome 18 counts as a percentage with an
all autosomal denominator with correction for GC content and a DR of
57% and an FPR of 0.53% using chromosome 18 counts as a percentage
with an all autosomal denominator without correction for GC content.
Table 2 shows the detection rates for specified false-positive rates and
false-positive rates for specified detection rates using the modelled data.
For example, for a false-positive rate of 0.25% the use of the ratio of
chromosome 18 to chromosome 8 counts yields a 97% detection rate
compared with 91% and 49% using chromosome 18 counts as a per-
centage with an all autosome denominator with and without an all
autosome correction for GC content respectively.

4. Discussion

Our results show that in prenatal screening for trisomy 18 the ratio
of plasma DNA fragment counts that map to chromosome 18 to DNA
fragment counts that map to chromosome 8 is a simple method of al-
lowing for analytical error due to variation in DNA GC content. It is
clearly better than making no adjustment for GC content and our results
indicate that the method is also better than the conventional method ofTa
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all autosome GC adjustment. Sehnert et al. [5] observed such an ad-
vantage without linking it to DNA fragment GC content. Our data take
the observation further by estimating the quantitative effect using the
ratio of chromosome 18 to chromosome 8 fragment counts without GC
correction and finding an improved screening performance; the im-
provement in performance is considerable. Chromosome 8 has a GC-
content that is close to that of chromosome 18 [14]. Using the ratio of
chromosome 18 to chromosome 8 fragment counts therefore directly
allows for variability in the PCR part of the DNA analysis arising from
GC associated error in amplifying the correct number of DNA fragments
which can vary from sample to sample, which affect DNA fragment
counts. Failure to take account of the GC content of DNA has a clinically
significant effect on screening performance as illustrated in Tables 1
and 2.

The conventional method of allowing for GC content is based on
algorithms using estimated associations between the number of DNA
fragments and GC content of those fragments. The method has the
limitation of its complexity and a lack of transparency. The algorithm
adopted has to be derived separately for each method of DNA analysis.
The method proposed here is simple, transparent, and does not require
the use of an algorithm. The method is also generalizable in that any
chromosome with a similar GC content to the trisomic chromosome of
interest could be used as the reference, using chromosome 7 in
screening for trisomy 21 and chromosome 4 in screening for trisomy 13.
These would need to be validated empirically as we have done here
with trisomy 18 screening, before being adopted in practice.

Truncation limits that limit the range of values used to calculate
likelihood ratios and hence risk are often used for markers in prenatal
screening. However, when the distributions of marker values in affected
and unaffected pregnancies are widely separated, as is the case here,
this has the effect of ignoring many of the informative values. In such
situations not using truncation limits is appropriate provided the
modelled estimates are consistent with those based on simple counting
(see Table 1). While the precise risk at high MoM values, for ex-
ample> 1.05 in Appendix Fig. 6, may be uncertain, the probability of
being affected becomes extremely high and has little influence on
screening performance. Similarly, at low values, for example< 0.98 the
pregnancy will almost certainly be unaffected.

In summary, the use of the ratio of DNA fragment counts that map to
chromosome 18 to counts that map to chromosome 8 yields a high level
of screening performance and avoids the need for more complex GC
correction algorithms.
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