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Abstract: Congenital cytomegalovirus (cCMV) infection is a leading cause of sensorineural hearing 
loss (SNHL) and neurodevelopmental disabilities in children worldwide. Some regions in the 
United States and Canada have implemented universal newborn screening for cCMV, which re-
quires molecular diagnostic technologies for identifying cCMV, such as PCR testing of newborn 
dried blood spots (DBS). This study aimed to evaluate the sensitivity of droplet digital PCR (ddPCR) 
compared to quantitative real-time PCR to detect CMV DNA in newborn DBS. The limit of detection 
of various ddPCR primer/probe combinations (singleplex UL55-HEX, singleplex UL83-FAM, and 
multiplex UL55-HEX/UL83-FAM) was evaluated using the National Institute of Standards and 
Technology’s (NIST) CMV quantitative standard. Singleplex UL55-HEX ddPCR exhibited the lowest 
limit of detection among the primer/probe combinations tested for ddPCR. UL55 ddPCR was then 
compared to real-time PCR in 49 infants with confirmed cCMV identified through newborn screen-
ing for CMV in saliva swabs and confirmed by a urine test. The results showed that ddPCR was 
only positive for 59% (29 out of 49) of the cCMV infants, while real-time PCR was positive for 80% 
(39 out of 49). Due to its lower sensitivity and throughput, ddPCR may not be suitable for cCMV 
newborn screening. 

Keywords: cCMV—congenital cytomegalovirus; ddPCR—digital droplet polymerase chain  
reaction; DBS—died blood spots; NBS—newborn screening 
 

1. Introduction 
Congenital cytomegalovirus (cCMV) infection is a significant public health concern 

due to its potential to cause severe and permanent disabilities, including SNHL, intellec-
tual disability, and vision impairment. CMV is the most common congenital viral infec-
tion, affecting an estimated 0.5 to 1% of all live births worldwide [1]. Despite its relatively 
high prevalence, cCMV often remains unrecognized and undiagnosed. Most infants born 
with cCMV do not show visible symptoms at birth but may develop lasting problems 
such as SNHL and developmental delays. Newborn screening has been proposed as a 
solution to enhance the detection of cCMV. Early identification allows for targeted follow-
up and interventions based on the severity of the infection, which can significantly im-
prove outcomes for affected children [2]. 

The newborn CMV screening process entails detecting CMV DNA in samples col-
lected from infants soon after birth, necessitating sample collection before the baby 
reaches 21 days of age. A variety of sample types, including urine, saliva, and DBS, can be 
used for screening. Public health laboratories nationwide perform screening of metabolic 
abnormalities using DBS, making this specimen an inexpensive, accessible sample for 

Citation: Hernandez-Alvarado, N.; 

Bierle, C.J.; Schleiss, M.R. Droplet 

Digital PCR (ddPCR) Does Not  

Enhance the Sensitivity of Detection 

of Cytomegalovirus (CMV) DNA in 

Newborn Dried Blood Spots  

Evaluated in the Context of  

Newborn Congenital CMV (cCMV) 

Screening. Int. J. Neonatal Screen. 

2024, 10, 1. https://doi.org/ 

10.3390/ijns10010001 

Academic Editor: James B. Gibson 

Received: 14 November 2023 

Revised: 14 December 2023 

Accepted: 18 December 2023 

Published: 20 December 2023 

 

Copyright: © 2023 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Int. J. Neonatal Screen. 2024, 10, 1 2 of 14 
 

newborn screening. However, the CMV viral load in blood is typically lower than that in 
saliva and urine, and the limited quantity of biological material present in a DBS is a tech-
nical barrier. Urine and saliva can be collected non-invasively and have high sensitivity 
and specificity for CMV detection [3]. Nonetheless, collecting these sample types is expen-
sive compared to DBS, requiring additional healthcare provider time and infrastructure 
to deliver the samples to public health laboratories [4]. Public health prioritizes the best 
use of limited healthcare dollars and encourages using existing infrastructure in a new-
born screening program when possible. 

In July 2013, Utah became the first state to implement targeted CMV screening in the 
United States. For targeted CMV screening, a diagnostic test is performed whenever an 
infant refers on their newborn hearing screening test, with the goal of testing the infant 
before three weeks of age [5]. Other states have subsequently passed similar legislation, 
and some hospitals and audiologists across the USA have implemented this targeted CMV 
screening approach, but it is not the standard of care universally. In Ontario, as part of the 
Infant Hearing Program, universal screening for CMV has been offered for all babies born 
after 29 July 2019 [6]. Minnesota started a universal newborn CMV screening program in 
February 2023 [7]. Connecticut has recently announced a plan to adopt universal cCMV 
screening, and New York State has an ongoing study of universal cCMV screening. All 
states and provinces currently engaged in universal cCMV screening are using DBS to 
screen for CMV by PCR detection. 

Given the technical challenges of using DBS for cCMV screening, a highly sensitive 
approach for molecular testing should be implemented. Droplet digital PCR (ddPCR) has 
been proposed for monitoring CMV in the blood of hematopoietic stem cell transplant 
patients [8]. This technique enables the absolute quantification of nucleic acids in clinical 
samples by partitioning a sample into thousands of tiny individual PCR reactions using 
water-oil emulsion droplets [9]. PCR products are isolated within individual droplets, 
generating a fluorescent signal when fluorescent DNA-binding dyes intercalate into the 
PCR product or fluorescent probes are hydrolyzed. The relative endpoint fluorescent sig-
nal determines whether the target sequence is present or absent in each droplet [10]. One 
of the key benefits of ddPCR is its higher precision because it allows absolute quantifica-
tion of the target nucleic acid without the need for a standard curve. 

It is hypothesized that ddPCR can have greater sensitivity than real-time quantitative 
PCR (qPCR) because it would detect low levels of target nucleic acids in complex samples 
due to a higher tolerance for inhibitors, insofar as each droplet contains a single or few 
copies of the target nucleic acid [9]. Partitioning the samples reduces the impact of target 
competition, making PCR amplification less susceptible to inhibition. This partitioning 
significantly enhances the discriminatory capability of assays that vary by a single nucle-
otide. Previous studies with infectious diseases like hepatitis D, HPV, and SARS-CoV-2 
have found better sensitivity than qPCR, especially in crude lysates [11–13]. CMV studies 
comparing ddPCR with real-time PCR using standards and plasma samples found that 
ddPCR has less variability relative to real-time PCR for high viral loads but does not im-
prove the sensitivity compared to real-time PCR [8,14,15]. In a recent study, digital PCR 
was utilized to establish a lower limit of detection. However, it involved a pre-amplifica-
tion step, similar to nested PCR, consisting of 10–20 cycles [16]. It is important to note that 
such amplification steps carry a higher risk of contamination during the transfer of first-
round products to the second tube for the subsequent round of amplification [17]. 

This study aimed to compare the performance of ddPCR and qPCR in detecting and 
quantifying CMV DNA in clinical samples, particularly in samples employed in the diagnosis 
of CMV at birth. We compared the sensitivity between ddPCR and a previously validated real-
time PCR assay for amplifying CMV DNA eluted from DBS samples using two different sets 
of clinical samples. The first set consisted of samples obtained from infants suspected of hav-
ing cCMV. In contrast, the second set of samples was collected as part of an ongoing universal 
screening study, including samples from infants who had confirmed cCMV. 

  



Int. J. Neonatal Screen. 2024, 10, 1 3 of 14 
 

2. Materials and Methods 
2.1. Clinical Samples 

This study utilized two cohorts of clinical samples. The first group consisted of DBS 
samples obtained from children who exhibited signs suggestive of congenital CMV infec-
tion but were beyond 21 days of age at the onset of clinical evaluation. These children 
were referred by clinicians for CMV DNA testing on their archived newborn DBS, follow-
ing parental consent, in an attempt to retrospectively diagnose cCMV. The archived DBS 
were maintained at a temperature of −80 °C. This sample set was previously tested by real-
time PCR using UL83 primers (Table 1). Twenty-nine DBS samples from children aged 
between 1 month and 6 years were analyzed after their parents or legal guardians re-
quested access to the archived newborn DBS from their respective newborn screening 
(NBS) programs. Among the twenty-nine children, 10 (34%) were positive for CMV in 
their DBS, while 19 (66%) were negative for CMV as determined by real-time PCR. 

Table 1. Primers/probes sets utilized for qPCR and ddPCR. 

Gene Primer/Probe Sequence 
Final Concentration  
qPCR ddPCR 

UL83 

Forward GGA CAC AAC ACC GTA AAG C 0.4 μM 0.9 μM 
Reverse GTC AGC GTT CGT GTT TCC CA 0.4 μM 0.9 μM 
Probe FAM-CCC GCA ACC CGC AAC CCT TCA T-BHQ1  0.250 μM 
Probe CAL610-CCC GCA ACC CGC AAC CCT TCA T-BHQ2 0.1 μM  

NRAS 
Forward GCC AAC AAG GAC AGT TGA TAC AAA 0.4 μM  
Reverse GGC TGA GGT TTC AAT GAA TGG AA 0.4 μM  
Probe FAM-ACA AGC CCA CGG AAC TGG CCA AGA-BHQ1 0.1 μM  

UL55 
Forward TGG GCG AGG ACA ACG AA  0.9 μM 
Reverse TGA GGC TGG GAA GCT GAC AT  0.9 μM 
Probe HEX-TGG GCA ACC ACC GCA CTG AGG-BHQ1  0.250 μM 

The second set of samples was collected from infants enrolled in a clinical study titled 
“Diagnosing Congenital CMV Infection in Newborns as a Model for Universal Screening 
and Early Intervention” (IRB protocol number: 1507M76904DBS) [18]. As part of the study, 
saliva swabs and DBSs were collected and used to assay CMV DNA using real-time PCR 
with a UL83 (corresponding to CMV gene UL83, encoding the pp65 tegument phosphopro-
tein) primer set (Table 1). Informed consent was obtained between the child’s birth and the 
discharge from the hospital, ensuring that samples were collected no later than 21 days post-
partum. Upon obtaining parental consent, saliva samples were collected from newborns, 
and DBSs were delivered from the Minnesota Department of Health to be tested at the Uni-
versity of Minnesota laboratory. Among the infants screened, 99 tested positive for CMV 
DNA in their saliva. Out of 99 saliva-positive infants, 81 (82%) were confirmed to have 
cCMV with a positive urine test during a clinical evaluation. Sixteen infants (16%) were clas-
sified as false positives for saliva because their follow-up confirmatory urine PCR test was 
negative (Figure 1). For two infants (2%), we were unable to confirm their cCMV status due 
to missing clinical information. DNA from the DBS was extracted within 2 weeks of collec-
tion. The eluted DNA underwent storage at 4 °C during qPCR testing and was later pre-
served at −80 °C until the completion of the ddPCR experiments. Out of the 81 infants that 
screened positive for saliva swab and were confirmed as having cCMV, 59 (73%) also tested 
positive for CMV DNA in the DBS screening using real-time PCR with UL83 primers, while 
22 infants (27%) tested negative. 
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Figure 1. Flowchart of sample selection from the universal screening. The flow chart details the 
samples employed in the study obtained through universal screening. Red boxes signify samples 
excluded from this study, while green boxes indicate the samples included in the analysis. 

To evaluate the performance of ddPCR, we utilized residual DNA extracted from 
DBS samples from infants who tested positive for CMV in their saliva and urine samples. 
DBSs from 32 individuals were not included in this evaluation due to insufficient material 
for testing or objections from legal guardians to using the samples for future research. Of 
the remaining 49 infants included in this evaluation, 39 (80%) had positive DBS using real-
time PCR with UL83 primers, whereas 10 (20%) were negative for DBS (Figure 1). We also 
utilized DBS DNA samples from 57 infants who were identified as CMV-negative during 
the universal screening study conducted using both saliva and DBS samples. These CMV-
negative samples served as negative controls in our analysis. 

2.2. DNA Extraction 
DNA was extracted from three 3 mm punches using the QIAcube HT extractor with 

the QIAamp 96 DNA QIAcube kit (both by Qiagen) with slight modifications as previ-
ously described [18]. Briefly, 240 μL of ATL buffer (Qiagen, Hilden, Germany) with 10% 
proteinase K solution was added to each DBS sample and digested overnight in a Ther-
momixer incubator at 56 °C at 400 rpm. After samples were cooled to room temperature 
and spun at 700 RCF for 5 min, the digested material was transferred to a deep-well 96-
well plate (S-block from Qiagen), and automated extraction was carried out with the QI-
Aamp 96 DNA v1 protocol with one modification, specifically, to elute with 100 µL of 
molecular-grade water (Gibco, Billings, MT, USA). 

2.3. Viral Load Determination by qPCR 
PCR testing of DBS DNA was performed in triplicate, as previously described [19]. 

Multiplex qPCR was performed using the UL83 and NRAS primers shown in Table 1. 
The standard curve for NRAS was generated using five 10-fold dilutions starting with 

200,000 to 20 pg/μL of human genomic DNA (Roche, Basel, Switzerland). A DBS was con-
sidered positive for CMV if at least 2 of 3 replicates were positive with a crossing-point 
(Cp) of 40 or less. For specimens that were positive for 1 out of 3 replicates, a second PCR 
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was performed. For samples tested twice, the specimen was considered positive if at least 
2 out of 6 replicates were positive for CMV DNA. 

2.4. Viral Load Determination by ddPCR 
The ddPCR reaction was performed using ddPCR Multiplex Supermix (Bio-Rad, 

Hercules, CA, USA), using primers and probes as described in Table 1, with 10 units of 
Hind III and 10 μL of template. The final concentration of the primers was 900 nM and 
250 nM for the UL55-Hex [8] and UL83-FAM reactions, respectively. After droplet gener-
ation with the QX200 Droplet Generator, the ddPCR was run using a C1000 Touch thermal 
cycler with the cycling conditions as follows: 95 °C for 10 min, 45 cycles of 94 °C for 30 s, 
60 °C for 1 min, and 98 °C for 10 min. The results were read in the QX100 Droplet Reader 
and analyzed with the QuantaSoft Analysis Pro software (v1.0, Bio-Rad, Hercules, CA, 
USA). 

3. Results 
3.1. Limit of Detection of the ddPCR Assay 

To assess the analytical sensitivity of UL83 and UL55 ddPCR, we conducted experi-
ments using dilutions of HCMV DNA in separate ddPCR reactions. The DNA template 
utilized in this study was CMV TowneΔ147 BAC DNA obtained from the National Insti-
tute of Standards Technology (NIST) [20]. Each DNA aliquot across the concentration 
range was tested twenty times across ten different experiments, with two replicates for 
each experiment. The concentrations of TowneΔ147 BAC DNA ranged from 2245 to 0.3 
copies per PCR reaction, employing 2-fold dilutions (Table 2). DNA dilution series were 
prepared freshly on the day of the assay. We determined the analytical limit of detection 
(LOD) with singleplex and multiplex reactions for UL83-FAM and UL55-HEX. A reaction 
was considered positive when a minimum of two droplets were above the threshold of 
detection of the endpoint fluorescence signal. We used the same standard to compare the 
real-time qPCR UL83 reaction with the ddPCR reactions. 

Table 2. Comparison of limits of detection of single UL83 and UL55 and multiplex UL83 and UL83 
ddPCR using CMV TowneΔ147 BAC DNA as a standard for dilutions. 

Towne Dilution 
(Copies/PCR 

Reaction) 

Real-Time UL83 
ddPCR UL83 

Singleplex 
ddPCR UL55 

Singleplex 
ddPCR UL83  

Multiplex 
ddPCR UL55  

Multiplex 

Tests 
Copies/Rea

ction Tests 
Copies/Rea

ction Tests 
Copies/Rea

ction Tests 
Copies/Rea

ction Tests 
Copies/Rea

ction 
2245.0 20/20 2965.0 20/20 2252.1 20/20 2476.9 20/20 2150.3 20/20 2423.8 
1122.5 20/20 1463.1 20/20 1121.8 20/20 1262.5 20/20 1065.8 20/20 1191.6 
561.3 20/20 827.4 20/20 562.8 20/20 622.0 20/20 555.9 20/20 608.3 
280.6 20/20 381.4 20/20 289.9 20/20 321.0 20/20 272.4 20/20 300.7 
140.3 20/20 189.8 20/20 149.1 20/20 162.9 20/20 145.4 20/20 161.7 
70.2 20/20 103.2 20/20 67.5 20/20 88.2 20/20 66.1 20/20 75.7 
35.1 20/20 49.6 20/20 33.6 20/20 38.5 20/20 36.4 20/20 39.5 
17.5 20/20 25.4 20/20 18.6 20/20 19.0 20/20 20.7 20/20 20.7 
8.8 20/20 13.6 19/20 9.5 20/20 10.2 18/20 10.2 18/20 10.2 
4.4 20/20 8.5 17/20 5.8 12/20 5.1 17/20 5.2 16/20 6.7 
2.2 20/20 5.7 8/20 4.1 6/20 4.8 9/20 3.9 5/20 4.0 
1.1 19/20 3.9 3/20 4.5 2/20 5.1 3/20 3.9 2/20 3.3 
0.5 6/20 3.2 2/20 3.3 0/20 - 0/20 - 1/20 3.2 
0.3 4/20 2.1 1/20 3.4 0/20 - 0/20 - 2/20 3.3 

Tests: number of replicas for each assay (positives/tested). Copies/reaction: average copies per PCR 
reaction calculated by the qPCR or ddPCR for each dilution. 
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Table 2 shows the number of times the dilution was positive and the average copies 
per PCR reaction calculated by the qPCR or ddPCR for each CMV TowneΔ147 BAC DNA 
concentration. The UL83 real-time PCR reaction was positive 19 out of 20 times, at 1.1 
copies per PCR reaction. Singleplex UL55-HEX was positive in 100% (20 out of 20) of the 
replicates, with a concentration of 8.8 copies per PCR reaction. UL83-FAM was positive 
for 95% (19 out of 20 reactions tested) in the same concentration (8.8 copies per PCR reac-
tion). The LOD was defined as the lowest concentration that resulted in at least 95% posi-
tive replicates [21]. Therefore, the limit of detection for UL55-HEX and UL83-FAM was 8.8 
copies in the reaction and 1.1 copies per PCR reaction for real-time qPCR. In our test, 
UL55-HEX appeared to be slightly more effective in detecting DNA at a concentration of 
8.8 copies per PCR reaction with 100% (20 out of 20) of the replicates. The LOD for the 
multiplex reaction was 17.5 CMV copies in the PCR reaction; both targets were positive 
20 out of 20 times (100%) for a value of 17.5 CMV copies per reaction (Table 2). 

Accuracy is the proximity of measurement results to the true value or an accepted 
reference value [22]. In our case, the reference values were the dilutions from CMV 
TowneΔ147 BAC DNA provided by NIST, as shown in the first column of Table 2. The 
certified values were derived as a consensus result from five PCR assays performed using 
a ddPCR system, along with a direct measurement of the mean droplet volume [20]. The 
calculated average copies per reaction (Figure 2) closely aligned with the reference values, 
indicating good accuracy. For all the ddPCR reactions, the calculated DNA concentrations 
were nearly identical to the reference values, with data points overlapping each other 
along the identity line (y = x), as expected for accurate measurements against a reference. 
However, for the real-time qPCR, there was a tendency to overestimate the DNA concen-
tration by about 1.5-fold at concentrations of 8.8 copies per reaction or higher. Moreover, 
the accuracy decreased at lower concentrations (Figure 2), with the biggest difference of 
3.6-fold noted at 1.1 copies per reaction. 

 
Figure 2. Quantification of CMV TowneΔ147 BAC DNA by real-time qPCR and ddPCR. The graph 
displays the average calculated DNA concentration for qPCR UL83, ddPCR singleplex, ddPCR 
UL55 singleplex, and multiplex UL83/UL55, using various dilutions from CMV TowneΔ147 BAC 
DNA. The data points included in the graph are only within the range of the limit of detection for 
each reaction. Additionally, a line of identity is depicted in black, representing points where x and 
y coordinates are equal. 

3.2. Clinical Samples 
We received consent to test DBS samples from 29 children suspected of having a cCMV 

infection. Our goal was to examine these samples for evidence of CMV DNA. Clinicians 
referred these children to us because they exhibited symptoms consistent with cCMV com-
plications, such as SNHL, abnormal MRI results, vision loss, and/or developmental delays. 
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We performed real-time PCR testing on the DBS samples using UL83 primers and a probe 
(Table 1). Out of the 29 samples, 10 (34.5%) tested positive for CMV DNA using real-time 
PCR (Table 3). A previous study on real-time PCR with the UL83 primers reported a sensi-
tivity of 73.2% with a 95% confidence interval ranging from 60.4% to 83.0% [18]. 

Table 3. Comparison of qPCR UL83, ddPCR multiplex UL83 and UL55, and ddPCR singleplex UL83 and 
UL55. 

 Real-Time PCR Multiplex ddPCR Singleplex ddPCR 

Sample 
Number UL83-Red610 (Copies/PCR Reaction) 

UL83-FAM 
(Copies/PCR 

Reaction) 

UL55-HEX 
(Copies/PCR 

Reaction) 

UL83-FAM 
(Copies/PCR 

Reaction) 

UL55-HEX 
(Copies/PCR 

Reaction) 
1 ND ND ND ND ND 
2 ND ND ND ND ND 
3 ND ND ND ND ND 
4 ND ND ND ND ND 
5 11.3 ND 3.5 ND ND 
6 ND ND ND ND ND 
7 ND ND ND ND ND 
8 ND ND ND ND ND 
9 ND ND ND ND ND 

10 1630 72.8 145.5 28.3 113.5 
11 7.2 ND ND ND ND 
12 ND ND ND ND ND 
13 35.5 ND ND 3.1 5.2 
14 1.5 4.8 6.4 3.1 9.9 
15 ND ND ND ND ND 
16 17.7 8.3 6.7 15 16.9 
17 ND ND ND ND ND 
18 1.5 6 14.9 11.4 13.4 
19 ND ND ND ND ND 
20 1.6 3.2 9.6 3 8.1 
21 ND ND ND ND ND 
22 1.4 4.5 26.8 3.4 12.9 
23 ND ND ND ND ND 
24 ND ND ND ND ND 
25 ND ND ND ND ND 
26 ND ND ND ND ND 
27 ND ND ND ND ND 
28 ND ND ND ND ND 
29 1.5 ND ND ND ND 

ND: not detected. 

To determine if any CMV DNA-positive cases were missed by real-time PCR, we 
conducted further testing using ddPCR. We compared the results of real-time PCR with 
ddPCR using singleplex assays for UL55 and UL83 and a multiplex assay for both UL55 
and UL83. None of the DBS samples from children that had previously tested negative by 
real-time PCR showed positive results in any of the ddPCR assays (Table 3). Out of the ten 
samples that were positive by real-time PCR, six (samples #10, 14, 16, 18, 20, and 22) were 
positive for ddPCR in all three different reactions tested (Table 3). Among the remaining 
four samples, one (samples #11 and 29) tested negative for CMV DNA in all three ddPCR 
reactions. Additionally, sample #13 tested positive in both singleplex UL83 and UL55 but 
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negative in the multiplex reaction. Sample #5 was positive for the UL55 channel in the 
multiplex reaction. Overall, among the ddPCR reactions that we tested, the UL55 primer 
set identified seven DBSs positive for CMV DNA across both multiplex and singleplex 
reactions. In comparison, the UL83 primer set identified six and seven positive DBSs in 
the multiplex and singleplex setups, respectively (Table 3). 

Most of the viral loads previously calculated by real-time qPCR of DBS using UL83 
primers were low. However, one sample (sample #10) showed a high viral load at 1630 
copies in the reaction; this sample also tested positive in all ddPCR reactions. Interestingly, 
even though the lowest viral load estimated by real-time qPCR of DBS was only 1.4 copies 
per PCR reaction, it also tested positive in all ddPCR reactions. Overall, the DNA copy 
number calculations for the positive real-time qPCR and ddPCR samples were similar, 
except for sample 10, where the real-time qPCR calculated over 1000 copies in the reaction, 
while the ddPCR quantification for this sample ranged from 72–105.5 copies/reaction. 

Next, we examined CMV ddPCR using DBS from infants with proven cCMV enrolled 
in a universal screening study (“Diagnosing Congenital CMV Infection in Newborns as a 
Model for Universal Screening and Early Intervention”; University of Minnesota IRB pro-
tocol number 1507M76904DBS). Unlike the previous set of clinical samples, we only had 
sufficient DNA remaining from our previous universal study for a single PCR compari-
son. We therefore decided to use singleplex UL55 ddPCR because, among the ddPCR re-
actions that we tested, UL55 had a lower limit of detection (LOD) and identified more 
children with cCMV in the previous set of clinical samples. We used the same DNA eluate 
that was used for the real-time PCR with UL83 for the UL55 ddPCR. 

We included in our analysis 49 infants who had tested positive for CMV in their saliva 
during the screening program, had a confirmed diagnosis of cCMV based on a urine PCR 
test within the first three weeks of life, and had samples available for testing (Figure 1). 
Out of the 49 infants included in this analysis, 39 (80%) tested positive for CMV in their 
DBS samples using real-time polymerase chain reaction (PCR), while 10 (20%) tested neg-
ative. This particular set of samples offered a valuable opportunity to investigate whether 
ddPCR could enhance CMV detection in DNA eluted from DBS compared to real-time 
PCR, specifically in real-life samples from infants diagnosed with cCMV but who initially 
tested negative using real-time PCR. 

Out of the 39 infants diagnosed with cCMV that were positive for DBS CMV DNA 
using real-time PCR, 29 infants also tested positive for CMV using ddPCR, while 10 in-
fants tested negative. In addition, there were 10 infants who initially tested negative for 
CMV in their DBS samples using real-time PCR. Importantly, these infants tested positive 
during screening using saliva swabs, and the presence of cCMV was confirmed through a 
clinical standard-of-care urine PCR diagnostic test—they therefore clearly had cCMV in-
fection. However, when these infants were tested with ddPCR, they still showed negative 
results for CMV in their DBS samples, as shown in Table 4. Thus, ddPCR failed to identify 
any infants with proven cCMV that had also screened negative using real-time DBS PCR 
(but were, as noted above, saliva-positive). 

Table 4. Contingency table comparing qPCR UL83 and ddPCR UL55 in children with cCMV. A pos-
itive result in real-time PCR was confirmed when at least two out of three replicates exhibited a 
cross-point value of 40 or less. For ddPCR, a positive outcome was determined by the presence of 
two or more droplets above the threshold of detection. 

Real-Time PCR UL83 

 ddPCR UL55  
 Positive Negative Total 

Positive  29 10 39 
Negative 0 10 10 

Total 29 20 49 
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Overall, real-time PCR yielded positive results for 39 out of 49 DBS samples (80%) 
from infants with cCMV, while ddPCR showed positive results for 29 out of 49 DBS sam-
ples (59%) from the same cohort. Since both methods (real-time PCR and ddPCR) were 
performed on the same subjects, the McNemar test was used to evaluate the differences 
in diagnostic performance. The results revealed that real-time PCR yielded significantly 
more positive results (39/50 = 80%) than ddPCR (29/49 = 59%) in DBS samples (McNemar 
test, p = 0.0044). 

4. Discussion 
The diagnosis of cCMV at or shortly after birth is crucial for early intervention and 

improved outcomes for affected infants. In this study, the performance of ddPCR was 
compared to real-time PCR in detecting CMV DNA in clinical samples. First, the analytical 
sensitivity of UL83 and UL55 ddPCR singleplex and multiplex, as well as real-time qPCR 
using UL83 primers, was determined by testing different dilutions of NIST standard 
DNA. The LOD for real-time qPCR was determined to be 1.1 copies per PCR reaction, 
with 95% (19 out of 20) replicates demonstrating positive results. For ddPCR, the results 
showed that both targets had a LOD of 8.8 copies in the singleplex reaction, as defined by 
the lowest concentration that results in at least 95% positive replicates [21]. However, the 
results were not completely equal because UL55 was positive for 100% (20 out of 20); in 
comparison, UL83 was positive for 95% (19 out of 20) of the replicates with a concentration 
of 8.8 copies per PCR reaction (Table 2). 

The multiplex reaction had a limit of detection of 17.5 CMV copies in the PCR reac-
tion for both UL55 and UL83 targets. This was because both targets were positive in all 20 
tests (100%) at a concentration of 17.5 CMV copies per reaction (Table 2). The calculated 
average number of copies per reaction was very similar to the reference values, indicating 
good accuracy, as shown in previous studies [8,14,15]. However, the calculated concen-
trations from real-time qPCR tend to be slightly higher than the reference material, and 
this trend was more pronounced when dealing with values of less than ten copies per 
reaction (Figure 1). 

Next, we used DBS samples from two sets of clinical samples. The first group con-
sisted of DBS from 29 children suspected of having cCMV. The reason these children un-
derwent CMV DBS testing was that they had been referred by physicians with clinical 
presentations felt to be compatible with cCMV infection. Since these children were >21 
days of age, viruria (DNAuria) could not reliably prove they had cCMV infection, neces-
sitating examination, as available, of the DBS. Since we only had DBS samples available 
and lacked alternative samples for confirming cCMV, we compared our previous results 
obtained using real-time PCR with the results obtained from ddPCR reactions. We had 
enough DNA to compare the three ddPCR reactions: singleplex UL83, singleplex UL55, 
and multiplex UL83/UL55. 

The results of these analyses were generally consistent with the LOD results. Among 
the ddPCR reactions we conducted, the UL55 primer set demonstrated a slightly better 
overall sensitivity for the detection of CMV DNA. Out of the twenty-nine samples tested, 
10 (34.5%) were positive for CMV DNA using real-time PCR. Among these positive sam-
ples, seven tested positive for both singleplex and multiplex UL55 primers, as well as sin-
gleplex UL83. On the other hand, when using UL83 primers in the multiplex set-up, six 
samples showed positive results (Table 3). Furthermore, and notably, all three of the 
ddPCR assays yielded negative results for the nineteen samples collected from children 
who had previously tested negative using real-time PCR (Table 3). 

The second group included DBS from 49 infants who had tested positive for CMV in 
their saliva during a universal screening study and had a confirmed diagnosis of cCMV 
based on a urine PCR test obtained within the first three weeks of life. This set of clinical 
samples presented a valuable opportunity to compare the performance of ddPCR and 
real-time PCR in confirmed cases of cCMV and, specifically, to examine whether ddPCR 
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identified cases missed by real-time PCR, since some of these cases had been DBS screen-
negative using the real-time assay. 

Initially, using real-time PCR, 39 out of 49 (80%) infants diagnosed with cCMV tested 
positive for CMV in their DBS samples. Our goal was to determine if ddPCR could iden-
tify any confirmed cases of cCMV that had been missed by real-time PCR in the DBS sam-
ples. However, ddPCR did not detect any cCMV-infected infants that had tested as nega-
tive in the DBS samples using real-time PCR. Moreover, ddPCR only yielded positive re-
sults for 29 out of the 49 cCMV-infants, which accounted for 59% of the cases. In contrast, 
real-time PCR was positive for 39 out of 49 infants, representing 80% of the children (Table 
4). The sensitivity of ddPCR in detecting cCMV in DBS samples was lower compared to 
real-time PCR (78% vs. 58%, assessed using the McNemar test, with p = 0.0044). To ensure 
the specificity of the ddPCR UL55 assay, we tested 57 DBS DNA samples from infants 
who had tested negative for CMV in both saliva and DBS during the screening study. In 
this validation, all 57 negative controls tested negative for the UL55 gene using ddPCR. 

A previous study has suggested that the lower sensitivity of ddPCR compared to real-
time PCR in detecting CMV DNA may be due to the lower input of template DNA [14]. 
ddPCR platforms have a lower volume limit than qPCR, which may result in lower template 
volume, and for any given sample, this limitation may lower assay sensitivity. In the current 
study, there was equal input of template DNA for our samples for both ddPCR and real-
time PCR assays per well. However, for real-time PCR, we used technical replicates. We 
propose that this approach increases the total volume of DNA used for the assay and the 
likelihood of detecting viral templates if there are only a few copies in the DNA eluate. The 
ddPCR platform involves the preparation of the master mix reaction in one well, followed 
by droplet generation, transfer to another well, and subsequent droplet analysis via the flow 
of oil after amplification. It is important to note that the potential loss of reaction components 
or droplets during each of these steps may contribute to a decreased sensitivity when com-
paring both assays, even when the same DNA eluate and input volume per PCR reaction 
are utilized. 

There has been speculation among researchers that ddPCR may offer advantages in 
processing “real-life” samples, despite an equal or higher LOD using laboratory stand-
ards, compared to other PCR platforms. Specifically, ddPCR has been suggested to be 
more resilient to mismatches in base pairs and to the PCR inhibitors that may be present 
in clinical samples [23], as compared to reference materials. However, our study did not 
observe such advantages in the context of the identification of CMV DNA in samples used 
for newborn screening. While there is considerable genetic variability in CMV sequence 
amongst clinical isolates [24], the primer and probe sequences used in clinical testing are 
generally designed to target conserved regions of the virus genome. Although ddPCR 
may be advantageous for detecting target sequences in rapidly mutating viruses such as 
HIV or SARS-CoV-2 [23], our findings suggest this is not necessarily the case for CMV. 

We found interesting similarities and contrasts when comparing our study with other 
reports. One previous study focused on the sensitivity and reproducibility of CMV DNA 
between ddPCR and qPCR using whole blood samples [25]. They concluded that ddPCR 
and qPCR exhibited similar sensitivity. Additionally, they examined blood and urine 
specimens from neonates with cCMV and found no significant difference in CMV DNA 
loads measured by ddPCR and qPCR. In contrast to this study, our research specifically 
investigated the sensitivity of ddPCR in detecting CMV DNA in DBS samples collected at 
birth. Our findings revealed that ddPCR had lower sensitivity compared to real-time PCR 
for detecting CMV DNA in newborn DBS samples. 

Another recently published paper concentrated on modified extraction methods for 
DBS samples using real-time PCR and ddPCR [26]. These invesigators tested these meth-
ods on various CMV-spiked samples and found a successful reduction of DBS starting 
material without compromising sensitivity. However, the modified methods demon-
strated equivalent analytical sensitivity to the original method, consistently detecting 
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CMV at high viral loads but inconsistently at low levels of viral DNA. Notably, they ob-
served that the sensitivity of CMV detection using ddPCR did not improve at any viral 
concentration compared to real-time PCR. False-positive results were also observed with 
ddPCR. At the 2021 APHL conference, data on a ddPCR assay for CMV detection was 
presented [27], validated with spiked urine samples, demonstrating 95.7% concordance 
with qPCR. Generally concordant results were noted comparing qPCR and ddPCR in 
three DBS previously identified to be positive for CMV DNA in that study; further vali-
dation is awaited. 

Typically, newborn screening assays aim for as close to 100% sensitivity as is feasible. 
False-positive results are considered acceptable in order to ensure that a bona fide case of 
disease is never missed. Although our studies with DBS-based real-time PCR for diagnosis 
of cCMV demonstrated substantially enhanced sensitivity [18] for identification of CMV 
DNA compared to previous reports [28], DBS testing still poses sensitivity challenges, 
which were observed in both real-time and ddPCR in the current study. This is probably 
due to a combination of factors, including a lower CMV viral load in blood than in saliva 
and/or urine and the limited amount of blood that can be recovered from three 3 mm 
punches from the DBS card. While saliva and urine are more sensitive, collecting these 
specimens in the newborn nursery is cumbersome and costly, particularly if applied to 
universal screening. For some screening studies, successful reports have highlighted the 
implementation of screening with urine collected on dried filter papers as a cost-effective 
and convenient approach to cCMV testing, and this approach is predicted to have a higher 
sensitivity for universal screening [29] than DBS-based screening. This approach may 
prove effective in identifying cCMV in the context of screening programs, although it does 
depend upon the establishment of an infrastructure for collecting, processing, and follow-
ing up on screen-positive urine samples [30]. A novel urine collection kit using filter paper 
demonstrated that this may be a promising approach for newborn screening for cCMV 
[31]. Future studies on newborn screening using both saliva [32,33] and urine collected on 
filter paper cards could hold promise in enhancing cCMV screening programs, and these 
merit additional study, but the established infrastructure for processing newborn DBS 
cards that exists in state newborn screening programs in the USA justifies adoption of 
universal cCMV using DBS PCR at the current time, challenges in sensitivity notwith-
standing, as is now standard practice in Minnesota. 

Our study stands out by specifically assessing the sensitivity of ddPCR in the context 
of DBS samples collected at birth, contributing to a better understanding of ddPCR’s per-
formance in this specific clinical scenario. We have found that the sensitivity of ddPCR is 
lower than real-time PCR for CMV DNA detection in the DBS. For newborn screening, the 
priority is identifying infants with cCMV rather than obtaining a precise viral load meas-
urement. Any amount of CMV DNA is considered abnormal and triggers further diag-
nostic testing to confirm cCMV infection. Researchers and clinicians need to consider the 
specific characteristics of the virus and the context of the analysis when selecting the ap-
propriate PCR platform for their needs. Cost and throughput are also important when 
selecting a platform for CMV newborn screening. ddPCR is more expensive and time-
consuming per sample than real-time PCR [15]. Further optimization of ddPCR method-
ology may be required to make this approach amenable to universal cCMV screening. 

5. Conclusions 
This study evaluated the sensitivity of ddPCR compared to quantitative real-time 

PCR for detecting CMV DNA in the newborn DBS. Singleplex UL55-HEX ddPCR exhib-
ited the lowest limit of detection (best sensitivity) among the primer/probe combinations 
tested for ddPCR. However, when ddPCR was compared to real-time PCR in infants with 
confirmed cCMV, it demonstrated a lower level of clinical sensitivity. These results sug-
gest that ddPCR does not demonstrate any enhancement in sensitivity for universal cCMV 
newborn screening programs compared to the use of real-time PCR testing of DNA eluted 
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from DBS for use as a clinical screening tool. As universal screening programs move for-
ward in clinical practice (for example, the recent initiation of universal cCMV screening 
in Minnesota in 2023 [7]), our findings highlight the importance of choosing optimal mo-
lecular diagnostic technologies for effective detection of cCMV in infants. Based on this 
study, we found no enhancement of sensitivity, and hence no clear advantage, for the use 
of ddPCR for cCMV DBS-based screening. 

Author Contributions: Conceptualization, M.R.S. and C.J.B.; methodology, N.H.-A. and C.J.B.; soft-
ware, N.H.-A. and C.J.B.; validation, N.H.-A.; formal analysis, M.R.S., N.H.-A. and C.J.B.; investiga-
tion, N.H.-A.; resources, M.R.S.; data curation, N.H.-A.; writing—original draft preparation, N.H.-
A.; writing—review and editing, M.R.S., N.H.-A. and C.J.B.; visualization, M.R.S., N.H.-A. and 
C.J.B.; supervision, M.R.S. and C.J.B.; project administration, M.R.S.; funding acquisition, M.R.S. All 
authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the Centers for Disease Control and Prevention (CDC) 
through its Emerging Infection Program (EIP) grant to the Minnesota Department of Health, grant 
number CON000000060051, and the University of South Carolina Disability Research and Dissemi-
nation Center (DRDC) through its cooperative agreement (6U19DD001218) with the CDC. Addi-
tional funding was provided by the Department of Pediatrics at the University of Minnesota. 

Institutional Review Board Statement: This study was conducted according to the guidelines of 
the Declaration of Helsinki and approved by the Institutional Review Board of each participating 
site: Allina Health (this study was approved by each site that enrolled patients which included Al-
lina Health (protocol code 989271, approved on 23 February 2017), the University of Minnesota (pro-
tocol code 1507M76904, approved on 20 August 2015), the Minnesota Department of Health (proto-
col code #15 363, approved on 12 August 2015), and CentraCare (approved on 21 March 2019). 

Informed Consent Statement: Informed consent was collected from the newborn’s parent or legal 
guardian prior to enrollment and screening for the universal screening study, which included spe-
cific consent for the cases included in this report. 

Data Availability Statement: Data are available upon request from the corresponding author. 

Acknowledgments: We thank the study personnel partners from the University of Minnesota and 
the Minnesota Department of Health. We extend special thanks to Emily Graupmann, University of 
Minnesota Department of Pediatrics. 

Conflicts of Interest: The University of Minnesota (Mark R. Schleiss, P.I.) receives research grant 
support, but no personal honoraria, from Moderna vaccines for the mRNA-1647 CMV vaccine 
study. The authors declare no conflict of interest. 

References 
1. Dollard, S.C.; Grosse, S.D.; Ross, D.S. New Estimates of the Prevalence of Neurological and Sensory Sequelae and Mortality 

Associated with Congenital Cytomegalovirus Infection. Rev. Med. Virol. 2007, 17, 355–363. https://doi.org/10.1002/rmv.544. 
2. Rawlinson, W.D.; Boppana, S.B.; Fowler, K.B.; Kimberlin, D.W.; Lazzarotto, T.; Alain, S.; Daly, K.; Doutré, S.; Gibson, L.; Giles, M.L.; 

et al. Congenital Cytomegalovirus Infection in Pregnancy and the Neonate: Consensus Recommendations for Prevention, Di-
agnosis, and Therapy. Lancet Infect. Dis. 2017, 17, e177–e188. https://doi.org/10.1016/S1473-3099(17)30143-3. 

3. Ross, S.A.; Ahmed, A.; Palmer, A.L.; Michaels, M.G.; Sánchez, P.J.; Bernstein, D.I.; Tolan, R.W.; Novak, Z.; Chowdhury, N.; 
Fowler, K.B.; et al. Detection of Congenital Cytomegalovirus Infection by Real-Time Polymerase Chain Reaction Analysis of 
Saliva or Urine Specimens. J. Infect. Dis. 2014, 210, 1415–1418. https://doi.org/10.1093/infdis/jiu263. 

4. Dollard, S.C.; Schleiss, M.R.; Grosse, S.D. Public Health and Laboratory Considerations Regarding Newborn Screening for Con-
genital Cytomegalovirus. J. Inherit. Metab. Dis. 2010, 33, S249–S254. https://doi.org/10.1007/s10545-010-9125-3. 

5. Diener, M.L.; Zick, C.D.; McVicar, S.B.; Boettger, J.; Park, A.H. Outcomes from a Hearing-Targeted Cytomegalovirus Screening 
Program. Pediatrics 2017, 139, e20160789. https://doi.org/10.1542/peds.2016-0789. 

6. Congenital Cytomegalovirus. CHEO NSO. Available online: https://www.newbornscreening.on.ca/en/page/congenital-cyto-
megalovirus (accessed on 4 December 2023). 

7. Minnesota Becomes First State to Screen All Newborns for Congenital Cytomegalovirus—MN Department of Health. Available 
online: https://www.health.state.mn.us/news/pressrel/2023/ccmv020823.html (accessed on 4 December 2023). 

8. Sedlak, R.H.; Cook, L.; Cheng, A.; Magaret, A.; Jerome, K.R. Clinical Utility of Droplet Digital PCR for Human Cytomegalovirus. 
J. Clin. Microbiol. 2014, 52, 2844–2848. https://doi.org/10.1128/JCM.00803-14. 



Int. J. Neonatal Screen. 2024, 10, 1 13 of 14 
 

9. Hindson, B.J.; Ness, K.D.; Masquelier, D.A.; Belgrader, P.; Heredia, N.J.; Makarewicz, A.J.; Bright, I.J.; Lucero, M.Y.; Hiddessen, A.L.; 
Legler, T.C.; et al. High-Throughput Droplet Digital PCR System for Absolute Quantitation of DNA Copy Number. Anal. Chem. 
2011, 83, 8604–8610. https://doi.org/10.1021/ac202028g. 

10. Pinheiro, L.B.; Coleman, V.A.; Hindson, C.M.; Herrmann, J.; Hindson, B.J.; Bhat, S.; Emslie, K.R. Evaluation of a Droplet Digital 
Polymerase Chain Reaction Format for DNA Copy Number Quantification. Anal. Chem. 2012, 84, 1003–1011. 
https://doi.org/10.1021/ac202578x. 

11. Xu, L.; Zhang, X.; Cao, Y.; Fan, Z.; Tian, Y.; Zou, H.; Ma, Y.; Duan, Z.; Ren, F. Digital Droplet PCR for Detection and Quantitation 
of Hepatitis Delta Virus. Clin. Transl. Gastroenterol. 2022, 13, e00509. https://doi.org/10.14309/ctg.0000000000000509. 

12. Mattox, A.K.; D’Souza, G.; Khan, Z.; Allen, H.; Henson, S.; Seiwert, T.Y.; Koch, W.; Pardoll, D.M.; Fakhry, C. Comparison of 
next Generation Sequencing, Droplet Digital PCR, and Quantitative Real-Time PCR for the Earlier Detection and Quantification 
of HPV in HPV-Positive Oropharyngeal Cancer. Oral Oncol. 2022, 128, 105805. https://doi.org/10.1016/j.oraloncol-
ogy.2022.105805. 

13. Vasudevan, H.N.; Xu, P.; Servellita, V.; Miller, S.; Liu, L.; Gopez, A.; Chiu, C.Y.; Abate, A.R. Digital Droplet PCR Accurately 
Quantifies SARS-CoV-2 Viral Load from Crude Lysate without Nucleic Acid Purification. Sci. Rep. 2021, 11, 780. 
https://doi.org/10.1038/s41598-020-80715-1. 

14. Hayden, R.T.; Gu, Z.; Ingersoll, J.; Abdul-Ali, D.; Shi, L.; Pounds, S.; Caliendo, A.M. Comparison of Droplet Digital PCR to Real-
Time PCR for Quantitative Detection of Cytomegalovirus. J. Clin. Microbiol. 2013, 51, 540–546. 
https://doi.org/10.1128/JCM.02620-12. 

15. Pavšič, J.; Žel, J.; Milavec, M. Assessment of the Real-Time PCR and Different Digital PCR Platforms for DNA Quantification. 
Anal. Bioanal. Chem. 2016, 408, 107–121. https://doi.org/10.1007/s00216-015-9107-2. 

16. Zhang, W.; Bream, J.H.; Leng, S.X.; Margolick, J.B. Validation of Preamplification to Improve Quantification of Cytomegalovirus 
DNA Using Droplet Digital Polymerase Chain Reaction. Anal. Chem. 2021, 93, 3710–3716. https://doi.org/10.1021/acs.anal-
chem.0c02890. 

17. Hema, M.; Konakalla, N.C. Chapter 16—Recent Developments in Detection and Diagnosis of Plant Viruses. In Recent Develop-
ments in Applied Microbiology and Biochemistry; Viswanath, B., Ed.; Academic Press: Cambridge, MA, USA, 2021; pp. 163–180, 
ISBN 978-0-12-821406-0. 

18. Dollard, S.C.; Dreon, M.; Hernandez-Alvarado, N.; Amin, M.M.; Wong, P.; Lanzieri, T.M.; Osterholm, E.A.; Sidebottom, A.; 
Rosendahl, S.; McCann, M.T.; et al. Sensitivity of Dried Blood Spot Testing for Detection of Congenital Cytomegalovirus Infec-
tion. JAMA Pediatr. 2021, 175, e205441. https://doi.org/10.1001/jamapediatrics.2020.5441. 

19. Meyer, L.; Sharon, B.; Huang, T.C.; Meyer, A.C.; Gravel, K.E.; Schimmenti, L.A.; Swanson, E.C.; Herd, H.E.; Hernandez-Al-
varado, N.; Coverstone, K.R.; et al. Analysis of Archived Newborn Dried Blood Spots (DBS) Identifies Congenital Cytomegal-
ovirus as a Major Cause of Unexplained Pediatric Sensorineural Hearing Loss. Am. J. Otolaryngol. 2017, 38, 565–570. 
https://doi.org/10.1016/j.amjoto.2017.06.002. 

20. Haynes, R.J.; Kline, M.C.; Toman, B.; Scott, C.; Wallace, P.; Butler, J.M.; Holden, M.J. Standard Reference Material 2366 for 
Measurement of Human Cytomegalovirus DNA. J. Mol. Diagn. JMD 2013, 15, 177–185. 
https://doi.org/10.1016/j.jmoldx.2012.09.007. 

21. Forootan, A.; Sjöback, R.; Björkman, J.; Sjögreen, B.; Linz, L.; Kubista, M. Methods to Determine Limit of Detection and Limit of 
Quantification in Quantitative Real-Time PCR (QPCR). Biomol. Detect. Quantif. 2017, 12, 1–6. 
https://doi.org/10.1016/j.bdq.2017.04.001. 

22. JCGM (Organization). International Vocabulary of Metrology: Basic and General Concepts and Associated Terms (Vim) = Vo-
cabulaire International De Métrologie : Concepts Fondamentaux Et Généraux Et Termes Associés (Vim). 2012, 3rd edition 2008 
Version with Minor Corrections ed. Paris France: BIPM Bureau International des Poids et Mesures. Available online: 
http://www.bipm.org/en/publications/guides/vim.html (accessed on 19 December 2023). 

23. Strain, M.C.; Lada, S.M.; Luong, T.; Rought, S.E.; Gianella, S.; Terry, V.H.; Spina, C.A.; Woelk, C.H.; Richman, D.D. Highly 
Precise Measurement of HIV DNA by Droplet Digital PCR. PLoS ONE 2013, 8, e55943. https://doi.org/10.1371/jour-
nal.pone.0055943. 

24. Renzette, N.; Pokalyuk, C.; Gibson, L.; Bhattacharjee, B.; Schleiss, M.R.; Hamprecht, K.; Yamamoto, A.Y.; Mussi-Pinhata, M.M.; 
Britt, W.J.; Jensen, J.D.; et al. Limits and patterns of cytomegalovirus genomic diversity in humans. Proc. Natl. Acad. Sci. USA 
2015, 112, E4120–E4128. https://doi.org/10.1073/pnas.1501880112. 

25. Yamaguchi, M.; Kawada, J.-I.; Torii, Y.; Haruta, K.; Suzuki, T.; Horiba, K.; Takahashi, Y.; Ito, Y. Quantitative Assessment of Viral 
Load in the Blood and Urine of Patients with Congenital Cytomegalovirus Infection Using Droplet Digital PCR. J. Med. Virol. 
2022, 94, 4559–4564. https://doi.org/10.1002/jmv.27844. 

26. Kim, J.H.; Robles, V.; Weimer, K.E.D.; Gehtland, L.M.; Kucera, K.S. Improved Dried Blood Spot PCR Assay for Universal Con-
genital Cytomegalovirus Screening in Newborns. Microbiol. Spectr. 2023, 11, e04041-22. https://doi.org/10.1128/spectrum.04041-22. 

27. Vidal-Folch, N.; Guenzel, A.; Espy, M.; Sattler, C.; White, A.; Peck, D.; Bentz Pino, G.; Studinski, A.; Matern, D.; Binnicker, M.; 
et al. Newborn Screening for Cytomegalovirus in Dried Blood Spots Using a Novel Quantitative Droplet Digital PCR Assay  
In Proceedings of the APHL 2021 Newborn Screening Virtual Symposium, Virtual, 5–21 October 2021.  

28. Boppana, S.B.; Ross, S.A.; Novak, Z.; Shimamura, M.; Tolan, R.W., Jr; Palmer, A.L.; Ahmed, A.; Michaels, M.G.; Sánchez, P.J.; 
Bernstein, D.I.; et al. Dried blood spot real-time polymerase chain reaction assays to screen newborns for congenital cytomeg-
alovirus infection. JAMA 2010, 303, 1375–1382. https://doi.org/10.1001/jama.2010.423. 



Int. J. Neonatal Screen. 2024, 10, 1 14 of 14 
 

29. Amin, M.M.; Wong, P.; McCann, M.; Dollard, S.C. Detection of Cytomegalovirus in Urine Dried on Filter Paper. J. Pediatr. Infect. 
Dis. Soc. 2021, 10, 958–961. https://doi.org/10.1093/jpids/piab033. 

30. Fujii, T.; Oka, A.; Morioka, I.; Moriuchi, H.; Koyano, S.; Yamada, H.; Saito, S.; Sameshima, H.; Nagamatsu, T.; Tsuchida, S.; et al. 
Newborn Congenital Cytomegalovirus Screening Based on Clinical Manifestations and Evaluation of DNA-Based Assays for 
In Vitro Diagnostics. Pediatr. Infect. Dis. J. 2017, 36, 942. https://doi.org/10.1097/INF.0000000000001630. 

31. Nagano, N.; Imaizumi, T.; Akimoto, T.; Hijikata, M.; Aoki, R.; Seimiya, A.; Okahashi, A.; Kawakami, K.; Komatsu, A.; Kawana, 
K.; et al. Clinical Evaluation of a Novel Urine Collection Kit Using Filter Paper in Neonates: An Observational Study. Children 
2021, 8, 561. https://doi.org/10.3390/children8070561. 

32. Wunderlich, W.; Sidebottom, A.C.; Schulte, A.K.; Taghon, J.; Dollard, S.; Hernandez-Alvarado, N. The Use of Saliva Samples to 
Test for Congenital Cytomegalovirus Infection in Newborns: Examination of False-Positive Samples Associated with Donor 
Milk Use. Int. J. Neonatal Screen. 2023, 9, 46. https://doi.org/10.3390/ijns9030046. 

33. Chiereghin, A.; Pavia, C.; Turello, G.; Borgatti, E.C.; Baiesi Pillastrini, F.; Gabrielli, L.; Gibertoni, D.; Marsico, C.; De Paschale, M.; Manco, 
M.T.; et al. Universal Newborn Screening for Congenital Cytomegalovirus Infection—From Infant to Maternal Infection: A 
Prospective Multicenter Study. Front. Pediatr. 2022, 10, 909646. https://doi.org/10.3389/fped.2022.909646. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


	1. Introduction
	2. Materials and Methods
	2.1. Clinical Samples
	2.2. DNA Extraction
	2.3. Viral Load Determination by qPCR
	2.4. Viral Load Determination by ddPCR

	3. Results
	3.1. Limit of Detection of the ddPCR Assay
	3.2. Clinical Samples

	4. Discussion
	5. Conclusions

