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Background: Circulating levels of cell-free DNA increase in many pathologic conditions. How-
ever, notable discrepancies in the quantitative analysis of cell-free DNA from a large number
of laboratories have become a considerable pitfall, hampering its clinical application.

Methods: We designed a novel recombinant DNA fragment that could be applied as an
internal standard in a newly developed and validated duplex real-time PCR assay for the
quantitative analysis of total cell-free plasma DNA, which was tested in 5,442 healthy adults
and 200 trauma patients.

Results: Compared with two traditional methods, this novel assay showed a lower detec-
tion limit of 0.1 ng/mL, lower intra- and inter-assay CVs, and higher accuracy in the recov-
ery test. The median plasma DNA concentration of healthy males (20.3 ng/mL, n=3,092)
was significantly higher than that of healthy females (16.1 ng/mL, n=2,350) (Mann-Whit-
ney two-sample rank sum test, P<0.0001). The reference intervals of plasma DNA con-
centration were 0-45.8 ng/mL and 0-52.5 ng/mL for healthy females and males, respec-
tively. The plasma DNA concentrations of the majority of trauma patients (96%) were higher
than the upper normal cutoff values and were closely related to the corresponding injury
severity scores (R?=0.916, P<0.0001).

Conclusions: This duplex real-time PCR assay with a new internal standard could elimi-
nate variation and allow for more sensitive, repeatable, accurate, and stable quantitative
measurements of plasma DNA, showing promising application in clinical diagnosis.
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INTRODUCTION

Cell-free DNA is a well-known type of DNA existing in the blood-
stream but outside of blood cells, which was first described in
1948 [11. Since Leon et al [2] discovered elevated levels of cell-
free DNA in cancer patients in 1977, there has been great prog-
ress in cell-free DNA quantification research [3], and this emerg-
ing field has attracted much interest, resulting in reports on its
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numerous potential clinical applications for many pathologic
conditions such as malignancy [4-11], prenatal diseases [12,
13], trauma [14, 15], organ dysfunction [16], autoimmune dis-
eases [17]1, and organ transplantation [18]. However, notable
disagreements concerning the quantitative analysis of plasma
DNA from a large number of laboratories have become a con-
siderable pitfall, hampering its application in clinical laboratories
[19]. In 2004, a large prospective investigation of plasma DNA
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Fig. 1. The schematic concepts of duplex real-time PCR with internal standard for quantitative detection of plasma DNA. The whole pro-
cess includes 4 steps: (A) A 41-bp artificial double-stranded DNA sequence corresponding to the human B-actin gene is cloned and in-
serted to pMD18-T vector, which is then linearized by restriction enzyme digestion. (B) The recombinant plasmid DNA is added into the
cell-free plasma sample with known concentration and extracted together with endogenous nucleic acids. (C) The internal standard and
target gene are then amplified simultaneously in the same tube with the common reverse primer focusing on the 41-bp corresponding se-
quence by duplex real-time PCR, where fluorescence signals are detected separately (Applied Biosystems 7500 Sequence Detector). (D)
The plasma DNA concentrations are calculated according to the internal standard by the equation.

concentrations in healthy subjects and cancer patients was car-
ried out by using the PicoGreen double stranded (ds)DNA quan-
tification reagent kit (Invitrogen, Waltham, MA, USA) with refer-
ence to a standard curve [20]. The results showed high variabil-
ity in the plasma DNA levels of healthy control subjects across
the 20 participating laboratories, which was mainly derived from
differences in the DNA extraction process. Recently, several pro-
tocols have been developed for DNA extraction. However, the
inevitable and various loss of circulating cell-free DNA during
extraction may have a significant impact on the outcome [21-
26].

To overcome this problem, a precise assay with low uncer-
tainty is needed for clinical application of plasma DNA quantifi-
cation. Herein, we describe the development and evaluation of
a duplex real-time PCR assay with a novel internal standard for
plasma DNA quantification. The principle of this assay is de-
picted in Fig. 1. In brief, a 41-bp corresponding sequence se-
lected from the human housekeeping B-actin gene was recom-
bined with the plasmid vector. After endonuclease digestion, the
linear recombinant plasmid DNA of known concentration was
added to the plasma sample as an internal standard and extracted
along with endogenous nucleic acids. The internal standard and
target B-actin gene were then amplified simultaneously in the
same tube by duplex real-time PCR using a common reverse
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primer, enabling the close amplification efficiency. After ampilifi-
cation, the concentration of the target B-actin gene was calcu-
lated according to the known internal standard quantity.

METHODS

1. Ethics statement

This study was approved by the Ethics Committee of the First
Affiliated Hospital of Nanjing Medical University. Written informed
consent for the use of the clinical samples was obtained from all
of the healthy adults and patients involved in this study.

2. Internal standard

A 41-bp artificial dsDNA sequence corresponding to the human
B-actin gene was cloned and inserted into the pMD18-T vector
using a Takara Reagent Set (Takara, Dalian, China). After the
identification of the cloned insert by Sanger sequencing, one
confirmed clone was selected, and the recombinant plasmid
DNA was extracted with the E.Z.N.A Plasmid Miniprep Kit (Omega
Bio-Tek, Norcross, GA, USA), which was then linearized by re-
striction enzyme digestion (Omega Bio-Tek). After quantification
according to absorbance measurements at 260 nm, the copy
number of recombinant plasmid DNA was determined by divid-
ing the total DNA concentration by the weight of each plasmid
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molecule. The recombinant plasmid DNA was then used as the
internal standard in our duplex real-time PCR assay.

3. Primers and probes

Primers and probes for the target pB-actin gene and the internal
standard were designed by using Primer Express Software, ver-
sion 3.0 (Life Technologies, Carlsbad, CA, USA). The reverse
primer for both the B-actin gene and internal standard was lo-
cated in the 41-bp corresponding sequence. The sequences
were as follows: (a) forward primers, 5-GGACCTGACTGACTA-
CCTCATGAA-3" (B-actin), 5-AAACAGCTATGACCATGATTACGAA-
3’ (internal standard); (b) common reverse primer, 5-CTTAAT-
GTCACGCACGATTTCC-3" (B-actin and internal standard); (c)
probes, 5-JOE-CACCGAGCGCGGCTACAGCTTC-ECLIPSE-3" (B-
actin), 5-FAM-CCACCAACCGCTCCCGTAATCTCTAG-ECLIPSE-3”
(internal standard), JOE and FAM representing 2,7-dimethyl-
4 5-dichlorine-6-carboxyfluorescein and 6-carboxyfluorescein,
ECLIPSE, respectively, are kind of non-fluorescent quenchers.
All PCR primers and fluorescent probes were custom-synthe-
sized by Invitrogen (Shanghai, China).

4. Duplex real-time PCR assay with internal standard for
plasma DNA quantification

Duplex real-time quantitative PCR was carried out in a reaction
volume of 50 pL by using components of the Takara Ex Tag R-
PCR system, version 2.1 (Takara). Each PCR mixture consisted
of 200nM each forward primer; 700nM reverse primer; 100nM
each probe; 1 unit of Takara Ex Tag HS polymerase; 400uM each
dATP, dTTP, dCTP, and dGTP; 6mM MgClz; 1x real-time PCR
buffer and 5 pL purified plasma DNA. Thermal reaction condi-
tions were as follows: 95°C for 5 min, followed by 50 cycles of
95°C for 15 sec, 56°C for 30 sec, and 72°C for 40 sec. Amplifi-
cations were carried out in the 7,500 Sequence detector (Ap-
plied Biosystems, Foster City, CA, USA). After the baseline value
of the amplification plot was set, normalized reporter signals (Rn)
data were exported and analyzed with linear regression by using
LinRegPCR software to obtain the average amplification efficien-
cies of the target gene and internal standard [27]. An optimal
threshold was then selected to check the threshold cycle (Ct)
values. Because the same threshold was used for the amplifica-
tion plots of the B-actin gene and internal standard, the plasma
DNA concentrations, expressed in copies/mL, were calculated
with the following equation:

(1+E )
) = CIS Xils Ct/f
(+Ey)
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where C= B-actin gene concentration in plasma (copies/mL),
E=average amplification efficiency, and the subscripts g and IS
represent the B-actin gene and internal standard, respectively.
The concentration (ng/mL) was calculated by using 3.3 pg of
single-copy human genomic DNA as a conversion factor.

5. Other two traditional quantification methods

Single real-time quantitative PCR was carried out for the B-actin
gene as described above for the duplex real-time PCR assay.
Plasma DNA concentrations were extrapolated according to the
external standard curve with five-point human genomic DNA
standards ranging from 0.1 to 1,000 ng/mL. Fluorescent Pico-
Green assay was performed using the PicoGreen dsDNA kit (In-
vitrogen) and the fluorescence intensity was measured on a flu-
orescence spectrophotometer (Spectra Max Gemini EM, Molec-
ular Devices, Sunnyvale, PA, USA) at an emission wavelength of
520 nm and excitation wavelength of 480 nm. The standard
curve constructed by serial dilution of lambda DNA stock pro-
vided by the manufacturer (0.1-1,000 ng/mL) was used to ex-
trapolate plasma DNA concentrations.

6. Assay evaluation

Duplex real-time PCR ampilification of plasma DNA, internal stan-
dard DNA, and the mixture of both in parallel PCRs were per-
formed in preliminary experiments to confirm the specificity of
the duplex PCR assay.

After quantified by ultraviolet spectrophotometry, the plasma
sample separated from the long-term preserved blood (standing
at room temperature for 48 hr) was diluted by normal saline in a
10-fold serial pattern (10?, 10, 10° 10%, 10?% and 10° ng/mL)
and quantified by using the three different methods described
above to evaluate their sensitivities. To evaluate the precision of
these methods, plasma samples with different DNA concentra-
tions (10, 10°, 10!, 10?, and 10°® ng/mL) were quantified 10
times in one run to determine the intra-assay variability, and were
repeatedly quantified in 10 runs to calculate the inter-assay vari-
ability.

The accuracies of the three different methods were determined
by a recovery test. Briefly, the purified plasma DNA (0, 0.02, 0.2,
2, 20, and 200 ng) was poured into 200 pL of plasma sample.
Total plasma DNA was extracted and quantified by the three dif-
ferent methods.

These three methods were applied to quantify the concentra-
tions of plasma DNA extracted from the same pooled plasma by
three different DNA purification protocols including the E.Z.N.A
Blood DNA Kit (Omega Bio-Tek, Norcross, GA, USA), QlAamp
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DNA Blood Mini Kit (Qiagen, Valencia, CA, USA), and the tradi-
tional phenol-chloroform extraction followed by ethanol precipi-
tation. These three methods were also applied to quantify plasma
DNA levels of 400 healthy adults.

7. Healthy subjects and trauma patients

A total of 5,442 healthy adults (median age, 44 yr; 2,350 females)
undergoing an annual health check and 200 patients (median
age, 49 yr; 112 females) with an acute traumatic injury requir-
ing admission to the department of emergency surgery at the
First Affiliated Hospital of Nanjing Medical University were re-
cruited with informed consent. Patients who were younger than
18 yr old, pregnant, or admitted because of thermal injury were
excluded. The total extent of the trauma was calculated by the
injury severity score (ISS) at the time of hospitalization.

8. Blood sample collection and processing
Fasting blood samples (2 mL) were collected from healthy adults
during physical examination. Peripheral blood (2 mL) was with-
drawn from the antecubital vein of each trauma patient at 20-
100 min (median, 50 min) after injury. All blood samples were
processed within 2 hr of sample collection. In brief, EDTA blood
samples were centrifuged at 1,600g at room temperature for 10
min. The supernatant was transferred into polypropylene tubes
with particular care to avoid disturbance of the buffy coat, and
further subjected to additional centrifugation at 16,000g and
4°C for 10 min to remove any residual blood cells. After addition
of 50,000 copies of the internal standard, the double-centrifuged
cell-free plasma samples with 2.5x 10° copies/mL internal stan-
dard were frozen at -70°C before DNA extraction.

DNA was extracted from 200 pL plasma sample by using the
Bilatest DNA/RNA kit (Bilatec AG, Viernheim, Germany), and
the purified plasma DNA were stored at -70°C for further analysis.

9. Statistical analysis

All statistical analyses were performed in a blinded manner by
using Stata/SE 9.2 (Stata Corporation, College Station, TX, USA).
The concordance of plasma DNA concentrations quantified by
the duplex real-time PCR assay and ultraviolet spectrophotome-
try was determined by Spearman’s rank correlation test, which
was also used for the correlation of plasma DNA concentrations
and ISS in trauma patients. One-way ANOVA was used to detect
differences among the four groups with different DNA extraction
protocols. The median plasma DNA concentrations of healthy
males and females and of the trauma patients were analyzed
with the Mann-Whitney two-sample rank sum test. The reference
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intervals of the plasma DNA concentration were determined at
the 95% confidence interval. The t-test was used to compare
the recovery rates of different quantitative assays.

RESULTS

1. Assay specificity and sensitivity

The target B-actin gene and internal standard were amplified by
their corresponding primers to obtain 91-bp and 99-bp PCR pro-
ducts, respectively, without cross-species amplification. Based
on the 5" nuclease Tagman assay, fluorescent signals from FAM
and JOE were released and detected in channels 1 and 2, re-
spectively, of the ABI 7500 Sequence Detector (Fig. 2).

There was a high correlation between circulating DNA con-
centrations in serial diluted plasma samples quantified by ultra-
violet spectrophotometry and those determined by the duplex
real-time PCR assay (R?=0.988; Spearman’s rank correlation
test, P<0.0001; Fig. 3A) and the single real-time PCR assay
with external standards (R°=0.931; Spearman’s rank correla-
tion test, P<0.0001; Fig. 3B). Amplification of the B-actin gene
continued until the DNA concentration of the plasma sample
decreased to 0.1 ng/mL; thus, the sensitivities of both real-time
PCR assays were 0.1 ng/mL. In the PicoGreen assay, a high cor-
relation (R?>0.90) was only observed once the plasma sample
concentration was above 1.0 ng/mL (R?=0.961; Spearman’s
rank correlation test, P<0.0001; Fig. 3C); thus, the sensitivity
was 1.0 ng/mL.

2. Assay precision and accuracy
The intra- and inter-assay CVs of the duplex real-time PCR, sin-

gle real-time PCR, and PicoGreen assays for plasma samples
with different DNA concentrations are shown in Table 1. There
was an increasing trend in the precision of the three methods
for plasma samples with higher DNA concentrations. However,
the duplex real-time PCR with internal standard showed better
precision than the other two methods, especially for plasma sam-
ples with lower DNA concentrations (<10 ng/mL).

The mean recovery rates of the internal standard assay (111.9%,
109.3%, and 99.4%) for plasma samples with different DNA
concentrations (10, 100, and 1,000 ng/mL) were all close to
100% (P=0.066, 0.165, and 0.896; t-test), while the mean re-
covery rates of the external standard assay by real-time PCR
(58.6%, 80.3%, and 75.8%)or the PicoGreen assay (62.6%,
73.8%, and 77.2%) for plasma samples with different DNA con-
centrations (10, 100, and 1,000 ng/mL) were all significantly
lower than 100% (P<0.001, t-test). The mean recovery rate of
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Fig. 2. Evaluation of the specificity of the duplex real-time PCR assay with internal standard. Real-time PCR ampilifications of plasma DNA,
internal standard DNA, and the mixture of both in a parallel PCR reaction with their corresponding primers and probes are performed in
preliminary experiments to confirm the specificity of this novel duplex PCR assay (A). The target $—-actin gene and internal standard are
amplified by their corresponding primers for 91-bp and 99-bp PCR products respectively (B) and Tagman probes for fluorescent signals
released from JOE and FAM reports and detected in channels 2 and 1 of the ABI 7500 Sequence Detector (C).
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Fig. 3. Evaluation of the sensitivity of the three different plasma DNA quantitative assays. The statistically significant correlations of DNA
levels of 10-fold serial diluted plasma samples (X-axis, common logarithmic scale) with quantitative results (Y-axis, common logarithmic
scale) determined by the novel duplex real-time PCR assay with (A) internal standard, (B) the single real-time PCR assay with external
standards, and (C) the dye PicoGreen assay.

external standard assays for plasma samples with low DNA con-  ples with higher concentrations (100 and 1,000 ng/mL) (P<
centrations (10 ng/mL) was significantly lower than that of sam-  0.0001, t-test).
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Table 1. Intra- and inter-assay CVs of the duplex real-time PCR with the internal standard, single real-time PCR with the external standard,
and PicoGreen assay

Assays Intra-assay CVs (n=20) Inter-assay CVs (n=20)

1,000 ng/mL 100 ng/mL 10 ng/mL  1.0ng/mL 0.1 ng/mL 1,000 ng/mL 100 ng/mL 10 ng/mL  1.0ng/mL 0.1 ng/mL
Internal Standard 2.63% 2.96% 4.43% 15.21% 53.96% 2.49% 3.15% 5.39% 14.17% 76.16%
External Standard 4.90% 8.84% 16.29% 60.50%  128.47% 5.86% 10.19% 17.33% 65.68%  144.71%
PicoGreen 3.99% 5.81% 24.49% 76.10% - 5.55% 6.22% 30.21% 81.62% -
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Fig. 4. Quantitative analysis of plasma DNA in the plasma of 400 healthy adults by three methods. While the median plasma DNA concen-
tration of 400 healthy adults determined by duplex real time PCR with internal standard (18.1 ng/mL) was significantly higher than those
determined by real time PCR and PicoGreen assay with external standards (8.2 ng/ml and 13.3 ng/ml; Wilcoxon matched-pairs signed-
rank test, P=0.0000) (A), there were statistically significant but weak positive correlations among plasma DNA levels determined by these
three different methods (B-D).
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3. Assay stability
Although there were significant differences in plasma DNA con-

centrations determined by real-time PCR with the external stan-
dard and the PicoGreen assay in samples purified by the three
different protocols (one-way ANOVA, P=0.0041 and <0.0001),
no such difference was observed using our duplex real-time PCR
assay (one-way ANOVA, P=0.5821).

4. Plasma DNA concentrations of healthy adults and trauma
patients

Plasma DNA levels of 400 healthy adults were determined by
three different methods. Although the median plasma DNA con-
centration determined by duplex real-time PCR with the internal
standard (18.1 ng/mL) was significantly higher than those de-
termined by real-time PCR and the PicoGreen assay with exter-
nal standards (8.2 ng/mL and 13.3 ng/mL; Wilcoxon matched-
pairs signed-rank test, P<0.0001; Fig. 4A), there were statisti-
cally significant but weak positive correlations among plasma
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DNA levels determined by these three different methods (Fig.
4B-D).

The sampling distribution in the plasma DNA levels of 5,442
healthy adults is shown in Fig. 5A. There was no statistically sig-
nificant difference in the median age between males and fe-
males (Mann-Whitney two-sample rank sum test, P=0.3589),
but the median plasma DNA concentration of males (20.3 ng/
mL) was significantly higher than that of females (16.1 ng/mL)
(Mann-Whitney two-sample rank sum test, P<0.0001; Fig. 5B).
There was no statistically significant correlation of plasma DNA
levels with age (Spearman’s rank correlation test, R2=0.003).
Within the 95% confidence interval, the upper normal cutoff
values of the plasma DNA level were 52.5 ng/mL and 45.8 ng/
mL for males and females, respectively.

As shown in Fig. 5B, the plasma DNA concentrations of the
majority of trauma patients (96%) were higher than the refer-
ence range. There was a significant difference in the median
plasma DNA concentrations among trauma patients with mod-

(B

10 —

Median: 20.8 ng/mL

Reference range:
0-52.5 ng/mL

n=2,

Median: 16.6 ng/mL

Reference range:
0-45.8 ng/mL

Plasma DNA (ng/mL)

Health

Health

Trauma
Male

Trauma
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Fig. 5. Quantitative analysis of plasma DNA in 5,443 healthy adults
and 200 trauma patients by the duplex real time PCR assay with
internal standard. (A) The histogram shows a positively skewed dis-
tribution of populations in the different levels of plasma DNA. (B)
Box-plots of plasma DNA in healthy adults and trauma patients with
different genders shows the reference intervals of plasma DNA con-
centration are 0-45.8 ng/mL and 0-52.5 ng/mL for healthy females
and males, respectively, and the plasma DNA concentrations of
most trauma patients (96%) are higher than the upper reference
ranges. (C) A statistically significant positive correlation is revealed
between plasma DNA concentrations in trauma patients with their
ISS values (Spearman rank correlation test, R?=0.916, P<0.0001).
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erate (ISS< 16, n=53, median 68.2 ng/mL), severe (ISS 16-25,
n=78, median 109.2 ng/mL), and very severe (ISS>25, n=69,
201.1 median ng/mL) injury (Kruskal-Wallis test, P<0.001). Com-
parison of plasma DNA concentrations in trauma patients with
their ISS values revealed a statistically significant positive corre-
lation (Spearman rank correlation test, R2=0.916, P<0.0001,
Fig. 5C).

DISCUSSION

There are various methods available for circulating cell-free DNA
quantification, including real-time PCR [5-16, 18, 21-26], fluo-
rescence spectrophotometry [4, 17, 20, 23-25, 28], ultraviolet
spectrophotometry [22], capillary electrophoresis [29, 301, mass
spectrometry [30, 31], surface plasmon resonance [32, 331, and
electrochemical luminescence [34]. However, because DNA
extraction inevitably leads to DNA loss, all of these methods
have thus far been used for scientific research only and have
not been applied in clinical laboratories. An internal control is
helpful to eliminate pre-analytical errors and increase the preci-
sion for absolute quantification [35]. In the current study, a re-
combinant plasmid with an artificial 41-bp dsDNA containing
the corresponding sequence of the human B-actin gene was
designed as the internal standard. Simultaneous amplification
of this internal standard and target gene was conducted with a
common reverse primer, and similar fragment lengths were ob-
tained with close ampilification efficiencies. Moreover, two Tag-
man probes labeled with different fluoresceins as reporter dyes
(FAM and JOE) were designed and applied to this duplex real-
time PCR. Fluorescent signals from amplifications of the internal
control and target gene could be detected separately in different
channels of the ABI 7500 Sequence Detector. During the quan-
tification process, the internal standard can be extracted and
amplified along with the target human genomic DNA in the same
tube to eliminate the variation introduced during DNA extraction
and amplification.

Compared with the other two quantitative methods with exter-
nal standards [10, 12, 14, 23], this novel duplex PCR assay is
more sensitive, repeatable, and accurate. The PicoGreen assay,
which detects nucleic acids by direct fluorescence binding, is
less sensitive than real-time PCR methods, which detect nucleic
acid fragments by exponential amplification. Because the same
basic methodology and DNA extraction kits were used, our du-
plex real-time PCR assay showed the same sensitivity as the
single real-time PCR assay with external standards. In terms of
the precision, the inter-assay CV values of the DNA concentra-
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tions of the plasma samples increased and had repeatable re-
sults in the range of 1-1,000 ng/mL, which covered the plasma
DNA levels of both healthy individuals and clinical patients. The
precisions of the single real-time PCR assay were worse at high
concentrations (=100 ng/mL) and better at low concentrations
(<10 ng/mL) than those of the PicoGreen assay. The precision
of the duplex real-time PCR assay was better than the other two
methods at all concentrations, which is likely due to the elimina-
tion of variables among different tubes by the internal standard.
This correction from the internal standard also contributed to
the accuracy of our novel assay, which was assessed with a re-
covery test that showed a consistently more pronounced bias at
low plasma DNA input levels (<1 ng/mL) than at high input DNA
levels (=10 ng/mL).

DNA extraction is an important factor influencing quantitative
measurements of cell-free circulating DNA levels. Significant
differences in the extraction efficiency for different commercial
DNA extraction kits have been reported [19-21]. In the present
study, we could obtain a constant quantitative result of plasma
DNA regardless of the DNA extraction protocol used when ap-
plying the novel duplex real-time PCR assay, by adding a known
amount of recombinant plasmid DNA as an internal standard
into each plasma sample, so that the target human genomic
DNA is extracted and amplified together with the internal stan-
dard in the same tube. Therefore, this method shows great ad-
vantages over traditional quantitative methods using external
standards.

Interestingly, the plasma DNA levels of 400 healthy adults de-
termined by two popular DNA quantitative methods were lower
than those determined by our duplex real-time PCR assay, which
may be due to the loss of plasma DNA during sample extrac-
tion. This factor has been ignored by other studies, but is con-
sidered in our assay since we and others have consistently con-
firmed variations in the isolation efficiencies from different kits,
which may be one of the major sources of variability in plasma
DNA quantification.

Circulating cell-free DNA has potential to be a useful disease
biomarker, and there has been an explosion of studies demon-
strating the presence of elevated plasma or serum DNA in pa-
tients. However, the reference intervals of circulating cell-free
DNA concentrations have not been established by large-scale
studies, except a few reports including less than 100 healthy in-
dividuals [5-10, 12-17, 36]. In this large-sample study, we quan-
tified the plasma DNA levels of 5,442 healthy volunteers using
our precise duplex real-time PCR assay with the novel internal
standard, and for the first time found a slight but statistically sig-
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nificant difference between males and females, which may be
due to different metabolic rates between the sexes; therefore,
this difference should be carefully considered in future studies.
The reference interval of plasma DNA from our results was slightly
higher than that of other reports based on single real-time PCR
and PicoGreen assays, both with external standards [9, 10, 14],
which simply ignored the loss of nucleic acid during DNA ex-
traction. Previous studies have demonstrated that plasma DNA
concentrations in patients with severe injuries were significantly
higher than those of patients with less severe injuries [14, 371.
The current study further showed that plasma DNA concentra-
tions, which increase significantly early after injury, were closely
correlated with the overall ISS scores of patients with multiple
injuries. Although cell apoptosis and necrosis are the main sour-
ces of free circulating DNA in plasma, tissue damage and cell
death during injury will cause a dramatic increase of plasma
DNA levels, which should correlate with injury severity. The newly
developed assay with an internal control allows for more precise
quantitative measurements of plasma DNA than the traditional
methods, and showed a higher correlation (R?=0.916) of 1SS
values and plasma DNA levels compared with that reported pre-
viously (R?=0.572) [14]. However, the application of plasma
DNA quantification in clinical laboratories requires more detailed
and reliable detection methods.

In conclusion, our newly developed plasma DNA quantifica-
tion method with the power of eliminating variation introduced
during plasma sample processing shows stable analytical per-
formance and acceptable reproducibility, precision, and accu-
racy. Therefore, this method has a very promising future in multi-
center studies of plasma DNA quantification and in clinical ap-
plications for the diagnosis and monitoring of certain diseases.
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