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 Introduction 

 Over the past 25 years, the search for noninvasive pre-
natal diagnostic methods (NIPD) has evolved from fetal 
cells, collected from either blood or cervical swabs, to free 
fetal DNA (ff DNA), free fetal RNA (ff RNA) from blood, 
most recently to sequencing of ff DNA  [1–5] . Now, the 
cycle is starting over again. The varying approaches ap-
pear to have differing potentials and limitations, and no 
one method has emerged as the clear favorite, although 
Sequenom is the only company on the market in the Unit-
ed States. 

  Because of concerns about the ability to differentiate 
reliably between maternal and ff DNA in pregnant plas-
ma or serum whose fetal contribution might be only a 
small percentage, there was obvious enthusiasm for the 
potential of a pregnancy-specific ff RNA analysis that 
should produce a 3:   2 ratio between markers for chromo-
some 21 and a control chromosome  [6] . Over the past few 
years, ff RNA-based methods for NIPD were developed 
rigorously by one university group  [6, 7] , but then pushed 
extensively by one company which claimed a 100% detec-
tion rate (DR) for a 1% false-positive rate (FPR) in inves-
tor presentations that varied from actual publications  [6, 
7] . Plans were publically stated to launch the test com-
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 Abstract 

  Objective:  To determine the feasibility of digital PCR analysis 
for noninvasive prenatal diagnosis of trisomy 21.  Methods:  
Through power equations, we modeled the number of wells 
necessary to determine the feasibility of digital PCR as a 
practical method for trisomy 21 risk assessment.  Results:  The 
number of wells needed is a direct correlate of the ability to 
isolate free fetal DNA. If a 20% fetal DNA enhancement can 
be achieved, then 2,609 counts would be sufficient to 
achieve a 99% detection rate for a 1% false-positive rate and 
potentially feasible with readily available plates. However, if 
only a 2% increase is seen, then 220,816 counts will be neces-
sary, and over 110,000 would be needed just to achieve 95% 
for a 5% false-positive rate – both far beyond current com-
mercially available technology.  Conclusion:  There are sev-
eral noninvasive prenatal diagnostic methods which may 
reach commercialization; all have differing potential advan-
tages and disadvantages. Digital PCR is potentially a cheaper 
methodology for trisomy 21, but it is too early to determine 
the optimal method. 
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mercially without the prior completion of significant ref-
ereed published data. These claims were met with sig-
nificant scrutiny by the academic community, and fur-
ther analysis led to retractions, removal of leadership 
from the company, and SEC indictments and a guilty plea 
by a senior scientist  [8] .

  Next-generation sequencing emerged as the latest 
generation of technology. Papers from both the Hong 
Kong and Stanford groups have been very encouraging 
and clearly do work, but there are significant hurdles to 
be overcome to make the technology routine  [9, 10] . 
With hardware devices initially ranging up to USD 
700,000, reagents approaching USD 1,000 a case, and 
limited throughput capacity, the initial approaches were 
research tools and not a potential clinical tool. Consid-
erable work developed ‘plexing’ methods for running si-
multaneous patients in the same baths using patient-
specific ‘tags’ to decrease the costs. These are becoming 
practical, but the tests will always be expensive. The first 
test using Next Gen sequencing was released by Seque-
nom for use as a lab-developed test in the United States 
in October 2011 based upon a study of 4,600 patients 
with a sensitivity of 98.6% with a 0.2% FPR  [5] . How 
these statistics will hold up with expanded numbers and 
incorporation into screening of more low risk-patients 
remains to be seen. Other companies have touted, but 
with limited or no publications, their emerging tech-
nologies, and it can be anticipated that there may be 
competing technologies on the market with different 
countries and companies coming ‘on line’ at different 
points  [11, 12] .

  As a potentially cheaper alternative, ff DNA analysis 
with enhanced digital PCR has been proposed again as 
potentially an optimal method. What has changed is the 
number of measurements by digital PCR possible which 
theoretically would allow for sufficient numbers of data 
points per case to allow differentiation between normal 
and abnormal populations. 

  To investigate the theoretical potential of this ap-
proach, here we evaluate the number of PCR reactions 
required to achieve reliability for clinical use.

  Methods  

 48  !  48 and now 96  !  96 well plates have been developed for 
Dig-PCR ( fig. 1 ). A 100,000-well plate is under development which 
if two were linked together would yield nearly 200,000 wells. We 
thus developed power analysis equations modeling DRs of 95 and 
99% along with FPR of 1 and 5% along with proposed increased 
DNA chromosome 21/12 ratios of 2, 5, 10 and 20%.

  Results  

 If a 20% fetal DNA enhancement can be achieved, then 
2,609 counts would be sufficient to achieve a 99% DR for 
a 1% FPR and potentially feasible with readily available 
plates. At 10%, the newer 9,000 plates are required. How-
ever, if only a 2% increase is seen, then 220,816 counts will 
be necessary, and over 110,000 would be needed just to 
achieve 95% for a 5% FPR – both far beyond current com-
mercially available technology ( table 1 ).

  Discussion 

 Over the past two decades, there have been a number 
of methods that have been tried or have been proposed as 
methods for noninvasive prenatal diagnosis (NIPD) ( ta-
ble 2 ). Fetal cells were the first target with two decades, 
and millions of USD were spent from NIH studies and 
companies trying to isolate these cells for which there are 
no known fetal-specific antigens  [1, 2, 13] . Since the end 
of the NICHD funded NIFTY trial in 2002  [2] , several 
companies have tried to continue the work mostly with 
frustration  [13] . Newer methods of cell identification and 

  Fig. 1.  Fluidigm 96  !  96 chip containing 9,216 wells. From their 
website: www.fluidigm.com.   
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automated scanning have brought this approach back as 
a possibility  [1] .

  The sentinel discovery by Lo et al.  [14]  in 1997 that ff 
DNA was relatively abundant in maternal plasma sug-
gested an entirely new frame for the approach to identi-
fication of fetal material. The first approach of quantita-
tive DNA differences among non-pregnant, normal preg-
nant, and Down syndrome-carrying pregnant women 
proved too technically challenging as the maximum dif-
ference in total chromosome 21 DNA amounts were per-
haps only 2–3%. Even using digital PCR as it existed even 
only a few years ago meant that proper differentiation was 
essentially impossible ( table 1 ). Using 48  !  48 (2,304) or 
96  !  96 (9,216) well plates simply did not give enough 
wells to count to effect a statistically reliable differentia-
tion among the groups.

  Attention then turned to RNA – i.e. searching for a 
placental-specific RNA (e.g. PLAC 4)  [6, 7] . This was
scientifically very appealing, but the lability of RNA 
(hours – not centuries as for DNA) and the ‘stain’ from 
the scientific ‘mishandling’ of data coupled with criminal 

charges and one guilty plea, the hype to rush to market, 
and not enough actual science effectively killed that ap-
proach  [8] .

  Next-generation sequencing clearly ‘works,’ but the 
challenge is in making it practical. Considerable advanc-
es have been documented in the past couple of years  [4, 5, 
12] . Related approaches such as differential analysis of 
fetal DNA methylation are likewise promising but will 
require a lot more study before being considered to be 
practical possibilities  [11] .

  A second generation for digital PCR methodologies is 
potentially likely to be successful, but only if substantial, 
increased fetal DNA counts than currently speculated 
can be achieved or if the number of wells investigated can 
be dramatically increased. Preliminary analyses by dif-
fering groups have suggested anywhere from 10 to 20% 
enrichment down to only 1–2%  [1] . With substantial en-
richment of the specimen with ff DNA, then existing 
methods would likely be sufficient to achieve acceptable 
segregation and useful diagnosis. However, if only 1–2% 
is possible, the digital PCR technique will not be powerful 
enough to do the job. The currently marketed generation 
of 10,000-well plates is still not sufficient to reliably dis-
tinguish Down syndrome. A new generation of 20,000 
wells might be sufficient even if anticipated increases in 
DNA levels prove correct.  If not, then 200,000 will likely 
be needed, and much will depend upon the costs of such 
analyses. The pendulum, of which methods of NIPD 
could be marketable, will likely swing back and forth yet 
again to fetal cells, per se, or any one of the DNA ap-
proaches.
 

Table 1. P ower analysis for digital PCR

FPR DR 20% 10% 5% 2%

0.01 0.99 2,609 9,536 36,379 220,816
0.01 0.95 1,902 6,948 26,504 160,868
0.05 0.99 1,899 6,946 26,501 160,865
0.05 0.95 1,304 4,767 18,187 110,392

N umber of wells required to achieve stated FPR and DR.

Table 2. E volving methods under consideration for NIPD

Fetal cells Decades of promise. Isolation and
identification method to find ‘needle in 
haystack’

Digital PCR Depends upon enrichment levels and 
number of wells available

ff RNA Much too labile for routine use. Data
integrity and stock manipulation stain

Next Gen sequencing Works but expensive. Evolving methods 
to plex to reduce costs

DNA methylation Fetal DNA sequences shorter, potentially 
significantly cheaper than sequencing
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