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Aim: Accurate noninvasive diagnostic aids for endometriosis are needed. We evaluated mitochondrial
DNA deletions as potential biomarkers for endometriosis. Methods: The diagnostic accuracy of deletions
was evaluated by quantitative polymerase chain reaction (QPCR) using well-characterized clinical speci-
mens from all subtypes and stages of endometriosis in a case–control format (n = 182). Results: Deletions
(1.2 and 3.7 kb) detected in blood differentiated between endometriosis and controls (area under the
curve [AUC] 0.71–0.90). Differences in deletion levels were statistically significant (p < 0.05) for all disease
subtypes and stages. Neither deletion was correlated with patient or specimen age or hormone status.
The 1.2 kb deletion was not correlated with menstrual stage; the 3.7 kb deletion was significantly corre-
lated between two of the groups. Conclusion: Biomarkers of the mitochondrial genome, including the
deletions described here, offer a promising and largely unexplored avenue in the pursuit of diagnostic
markers for endometriosis that can be effectively translated to clinical application.
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Endometriosis is a burdensome disease that occurs in up to 5–10% of women of reproductive age and is a common
cause of infertility [1–7]. The disease is characterized by the presence of endometrial tissue (epithelial cells and stroma)
outside of the uterus; endometrial tissue can be found on the pelvic peritoneum and Fallopian tubes, involve ovaries,
the bowel and bladder and rarely more distal body sites [8–11]. Women with endometriosis frequently suffer from
symptoms including nonmenstrual pelvic pain, painful menstrual cramps, pain during intercourse, fatigue and
infertility [12], which can lead to a substantial reduction in quality of life (QoL) [13]. Given the high prevalence
and significant morbidity associated with the disease, the global endometriosis-related healthcare burden has been
estimated to be in the hundreds of billions of Euros each year [14].

The current gold standard for diagnosing endometriosis is laparoscopic surgery followed by histopathological
confirmation [5,15]. Making a timely diagnosis is complicated by delayed reporting [16] and misinterpretation of
symptoms [17], and can be further delayed if the patient is hesitant to undergo a costly and invasive laparoscopic
procedure. Indeed, the delay in diagnosing endometriosis can be more than a decade [16]. Due to these delays, the
majority of women have developed moderate to severe symptoms by the time a definitive diagnosis is made, which
can result in increased morbidity, treatment costs and decreased QoL [14]. Clearly, there is a great need for reliable,
noninvasive tests that can facilitate early detection of endometriosis and provide actionable real-time results.

Molecular biomarkers have been widely used as tools to measure, detect and predict human disease [18–24];
however, the search for an endometriosis-specific biomarker has proven difficult [25]. Some of the key challenges
include nonstandardized sample collection, analysis methods and data interpretation and the lack of biomarker
specificity [17], though recent efforts have been made to harmonize methods of collecting and storage of biological
specimen and reporting of endometriosis data, including the World Endometriosis Research Foundation EPHect
Protocols [26]. A variety of candidate biomarkers from blood, tissue and urine have been reported, but none have
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been successfully translated into clinical use. Many of these candidates have specific limitations on sample collection
such as biopsy from diseased tissue, collection during a particular phase of menstruation or are dependent upon
changes in regulatory patterns (e.g., gene expression and DNA methylation) induced by inflammation, which can
overlap with other gynecological disorders [10,17] and increase the likelihood of false-positive detections. Thus,
the ideal biomarker would be detectable from healthy cells or body fluids and independent of transient disease,
inflammation-generated or cyclical physiological changes.

The mitochondrial genome represents a less-explored biomarker repository. Mitochondrial DNA (mtDNA)
targets are attractive from a diagnostic perspective due to a high mutation frequency, limited DNA repair capability,
presence in all nucleated cells and high copy number (thousands of genomes per cell) [27]. As a result, even low-
frequency mutations or deletion events can be amplified reliably from heteroplasmic mitochondrial populations.
Indeed, mtDNA mutations have been well-described as biomarkers for several cancers across multiple body sites
including bone, brain, breast, lung, colorectal, gastric, ovarian, prostate and endometrial tissues [28–37]. Specifi-
cally, within the endometrium, mtDNA alterations were detected during multiple independent investigations of
endometrial cancers [37–40]. Although those studies did not reveal a consensus region within the mtDNA genome
or a specific mtDNA alteration that correlated to endometrial disease, those data do support the tenet that changes
in mtDNA could be used as a biomarker for detection of endometriosis.

In the current study, we investigated mtDNA deletions amplified from circulating blood as potential biomarkers
for endometriosis. We identified 1.2 and 3.7 kb deletions and determined the diagnostic accuracy of the deletions
as biomarkers using minimally invasive blood specimens collected from women of child-bearing potential with
symptoms of endometriosis.

Methods
Participants & sample collection
This study utilized residual de-identified clinical specimens collected from prospectively enrolled patients as part of
the EndOx study at Oxford Endometriosis CaRe Centre, John Radcliffe Hospital, University of Oxford (Oxford,
UK). Briefly, specimens were collected from women scheduled to undergo laparoscopy for suspected endometriosis
because of pelvic pain (symptomatic) or tubal ligation (asymptomatic). Study participants were female, aged 18
years or older (until menopause) and were confirmed as not pregnant. All specimens were obtained under a
study protocol that received appropriate Ethics Committee approval from the National Research Ethics Service
(Oxfordshire REC A, 09/H0604/58). All clinical specimens were anonymized to protect the identity of the source
patient. The study was designed, implemented and reported in accordance with the International Council for
Harmonisation, Harmonised Tripartite Guidelines for Good Clinical Practice, with applicable local regulations
and the ethical principles laid down in the Declaration of Helsinki. All patients gave written informed consent
prior to participation.

Blood specimens and extensive clinical phenotypic data were collected prior to surgery. Study specimens were
collected, transported and stored in accordance with the standardized World Endometriosis Research Foundation
EPHect procedures [26,41–44].

Patient populations/study cohorts
Clinical specimens used in this study were classified as asymptomatic controls, symptomatic controls of surgically
confirmed absence of endometriosis or cases of surgically confirmed endometriosis. Asymptomatic controls were
defined as specimens collected from a patient that underwent a scheduled tubal ligation without a clinical suspi-
cion of endometriosis and surgically confirmed absence of endometriosis. Symptomatic controls were defined as
specimens collected from patients having pain or other symptoms (excluding infertility) with a clinical suspicion
of endometriosis, but no endometriosis lesions visualized by laparoscopy by experienced gynecological surgeons.

Endometriosis was scored by the operating surgeon using the revised American Society of Reproductive Medicine
(rASRM) classification of endometriosis [45]. Cases were grouped by disease subtype (peritoneal, ovarian, deep
endometriosis) and rASRM stage, with stages I through IV representing minimal, mild, moderate and severe
disease, respectively.
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Sample handling, processing & mtDNA amplification
DNA extraction

Total DNA was extracted from 200 μl of plasma using the QIAamp 96 QIAcubeHT extraction kit (Qiagen,
Crawley, UK), automated on a QIAcube HT system (Qiagen). Extracted DNA was eluted in 200 μl of AE buffer.

mtDNA deletion real-time QPCR

Amplification was performed in 20 μl reactions using a 96-well microplate (Bio-Rad, Hemel Hempstead, UK).
Each well contained 5 μl of un-normalized DNA template, 1 × SYBR R© Green master mix and 250 nM of each
primer. Primer sequences and master mix are trade secrets of MDNA Life Sciences, Inc. PCR and SYBR Green I
fluorescence were analyzed using a Chromo4 Real-time PCR Detection System (Bio-Rad). Cycling conditions for
the 1.2 kb deletion were as follows: 3 min at 95◦C, followed by 5 cycles of 30 s at 95◦C, 30 s at 67◦C and 30 s
at 72◦C; for each subsequent cycle, the annealing temperature was decreased by 0.5◦C increments. Amplification
conditions were: 45 cycles of 30 s at 95◦C, 30 s at 65◦C and 30 s at 72◦C. All other deletions were amplified with
a standard protocol of 45 cycles of 30 s at 95◦C, 30 s at 58–65◦C and 30 s at 72◦C. Following amplification,
melting curve analysis was performed from 70 to 90◦C, reading every 0.5◦C. Each plate of samples and controls
was amplified in triplicate on three separate occasions.

Real-time QPCR normalization with 18S rRNA

Target amplicon quantity was normalized using the 18S rRNA nuclear DNA gene. Amplification reactions were
performed as 20 μl reactions in a 96-well microplate. Each well contained 5 μl of un-normalized DNA template,
1 × SYBR Green master mix and 200 nM of each primer. Amplification and SYBR Green I fluorescence was
analyzed using a Chromo4 Real-Time PCR Detection System. Amplification conditions were: 3 min at 95◦C,
followed by 40 cycles of 30 s at 95◦C, 30 s at 64.5◦C and 30 s at 72◦C. Following amplification, a melting curve
analysis was performed from 70 to 90◦C, reading every 0.5◦C.

Quality control

The quantification cycle (Cq) was calculated using the CFX manager software regression model (Bio-Rad). The
Cq of each deletion amplicon was normalized to the Cq of the multicopy nuclear target 18S rRNA gene amplicon.
All samples were amplified in triplicate on separate plates and were considered to have passed if at least two of the
three replicates were within 1.5 Cq and the melting temperature (Tm) was consistent with the target amplification
product when present, (deletion Tm 81◦C ± 2◦C, 18S rRNA Tm 82◦C± 2◦C).

A total of two no template control samples were processed alongside each batch of DNA extractions and verified
as negative for amplification of both the deletion target and the 18S rRNA gene. A total of two no template control
reactions were included on each PCR plate and verified negative for amplification of both the deletion targets and
the 18S rRNA gene. Deletion primer specificity was evaluated using rho 0 cellular DNA (to detect mitochondrial
pseudogene amplification) as well as DNA from healthy male buccal swabs and DNA extracted from the rho 0
parental cell line (prior to depletion of mitochondria).

For the initial round of standard PCR reactions, extracted DNA from patients with confirmed endometriosis
underwent whole genome amplification using the Repli-G mitochondrial DNA kit (Qiagen) to ensure sufficient
DNA quantity during this phase.

Rho 0 cell preparation

Rho 0 cells were prepared as previously described [46]. Briefly, cells from the human osteosarcoma cell line 143B
(ATCC CRL-8303) were treated with ethidium bromide to deplete cytoplasmic mitochondrial DNA. Cells were
grown to confluence in high glucose DMEM with pyruvate, L-glutamine, uridine (50 μg/ml) and 5% Fetal Bovine
Serum.

Statistical analysis

No formal sample size calculation was performed; the number of clinical specimens used was deemed sufficient to
satisfy the study objective.

For QPCR, targets were amplified from all specimens in triplicate and average Cq values were calculated. The
normalized deletion value (�Cq) was determined by quantifying the deletion amplicon relative to the 18S rRNA
reference amplicon. Statistical analyses were performed using Graphpad Prism 5.0 (Graphpad Software, Inc., CA,
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Table 1. Demographic and clinical characteristics.
Characteristic N (%)

Total 182

Patient age† 34.4 (6.9)

Hormone therapy status‡

Yes 55 (30.2)

No 120 (65.9)

Undetermined 7 (3.8)

Menstrual phase§

No menstruation 26 (14.3)

Irregular menstruation 15 (8.2)

Menstruation 31 (17.0)

Follicular phase 45 (24.7)

Luteal phase and extended 65 (35.7)

Controls 32

Patient age† 37.2 (6.8)

Symptomatic 19 (59.4)

Asymptomatic 13 (40.6)

Cases 150

Patient age† 33.8 (6.8)

Endometriosis type

Peritoneal 52 (34.7)

Ovarian 47 (31.3)

Deep infiltrating 51 (34.0)

Endometriosis stage

Stage I 65 (43.3)

Stage II 25 (16.7)

Stage III 30 (20.0)

Stage IV 28 (18.7)

Unknown 2 (1.3)

†Mean (SD) is presented; mean and SD were calculated for patients that provided age at time of specimen collection.
‡Patients’ status within 3 months of specimen collection.
§Patients’ menstrual status at time of specimen collection.
SD: Standard deviation.

USA) for receiver operating characteristic (ROC) curves and descriptive statistics. SPSS v17.0 (IBM Corp., NY,
USA) was used to perform correlations and significance tests. Clinical characteristics were summarized using count
and percentages for categorical data, and mean, standard deviation (SD) and range for continuous variables. The
means of two groups were compared using the Student’s t-test and the Mann–Whitney U-test for parametric and
nonparametric distributions, respectively. Correlation between the two variables was assessed with the Pearson’s
correlation coefficient (r). With respect to the presence of endometriosis, ROC curves were constructed for all but
the 6.5 kb deletion. The area under the curve (AUC) of the ROC and the sensitivity and specificity at selected
cut-offs (described below) were calculated with 95% CI. The p-value <0.05 was considered statistically significant
for all tests.

Results
Patient population & clinical specimens
Demographics and clinical characteristics for patients that provided the clinical specimens used to evaluate the
1.2 and 3.7 kb deletions are summarized in Table 1.

One hundred eighty-two specimens were used in the 1.2 and 3.7 kb deletion evaluations. The mean (SD) age
of patients that provided specimens was 34.4 (6.9) years. The mean ages were similar between the control and
case groups with mean (SD) ages of 37.2 (6.8) and 33.8 (6.8) years, respectively and was statistically significantly
different (p = 0.012). Of the 182 patient specimens used in the evaluation, 120 (65.9%) patients reported no
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hormone therapy within the 3 months prior to specimen collection, 55 (30.2%) reported having hormone therapy
within 3 months prior to specimen collection and seven (3.8%) were undetermined. Menstrual cycle phase data
were calculated using the last menstrual period (LMP) prior to the date of blood collection in relation to a patient’s
normal cycle length. Twenty-six (14.3%) patients reported no menstruation: 20 of whom were on hormones, 15
(8.2%) reported irregular menstruation, 31 (17.0%) were in the menstrual phase (between 1 and 5 days from the
first day of LMP), 45 (24.7%) were in the follicular phase (5 to 14 days from LMP) and 65 (35.7%) were in the
luteal + extended menstrual phase (>15 days from LMP).

The control group included a total of 32 specimens; 19 (59.4%) specimens collected from symptomatic patients
(presenting with symptoms consistent with endometriosis other than infertility and surgical confirmed absence for
the disease) and 13 (40.6%) specimens collected from asymptomatic patients scheduled for tubal ligation. The case
group included 150 specimens from patients with three disease subtypes (peritoneal, ovarian and deep infiltrating
endometriosis) that were classified into four stages (rASRM I through IV). A total of 52 (34.7%) specimen were
collected from women with peritoneal, 47 (31.3%) were from women with ovarian and 51 (34.0%) were collected
from women with deep endometriosis. A total of 65 (43.3%) specimens were from patients with stage I disease,
25 (16.7%) were stage II, 30 (20.0%) were stage III and 28 (18.7%) were stage IV. Two (1.3%) specimens had an
unknown disease stage.

mtDNA deletions & preliminary evaluation: standard PCR
Seven candidate deletions were initially selected for evaluation based upon sequence composition, presence of a
flanking repeat location within the major arc of the mitochondrial genome where proportionally more deletions
are reported [47] and observation previously in endometrial tissue (data not shown). Deletions were selected within
the following genomic regions: CO2 to ATP6 (1.0 kb deletion); ATP6 to ND3 (1.2 kb deletion); ATP8 to ND4
(2.4 kb deletion); ATP6 to ND5 (3.7 kb deletion); ATP8 to ND5 (5.0 kb deletion); CO1 to ND5 (6.5 kb
deletion); and CO2 to CytB (7.7 kb deletion). An initial round of standard (qualitative) PCR and visualization
after gel electrophoresis was used to prequalify each deletion target and determine if each of the candidates were
detectable, had sufficient copy number for reliable detection, had the predicted amplicon size, were specific and
did not co-amplify nuclear pseudogenes or generate nonspecific amplification products.

All seven predicted deletions were detectable circulating in blood plasma. However, the 5.0 and the 6.5 kb
deletions amplified the rho 0 cell DNA indicating potential co-amplification of nuclear mitochondrial pseudogenes
(numts). Additionally, the 6.5 kb deletion had insufficient copy number and was not considered a viable candidate
for further QPCR testing. The 7.7 and the 2.4 kb deletions were lower in copy number; however, still potentially
detectable with QPCR so these were subject to further evaluation. The 5.0 kb deletion amplified DNA from the
buccal swab of a healthy male indicating a potential lack of disease specificity. The 7.7 kb deletion had a low level
of amplification from this specimen as well.

The remaining six deletions were further evaluated using QPCR to determine whether the targets were present in
sufficient copy number in the absence of whole-genome amplification, of sufficient diagnostic accuracy, detectable
in rho 0 cells using more sensitive QPCR and whether the assays’ precision was acceptable. Acceptable precision
criteria were a maximum deviation of 1.5 Ct between a minimum of two out of three replicates for each target
deletion.

Preliminary evaluation with clinical samples
As a preliminary assessment of the remaining six candidates, we evaluated the deletions using a set of 55 clinical
specimens. No preselection criteria were applied prior to evaluating these specimens, which were the first group
of specimens collected during the study. The specimens included 46 specimens from patients with confirmed
endometriosis and nine specimens from symptomatic control patients. After initial QPCR testing, the 2.4 kb
deletion was determined to have insufficient copy number and the 1.0 kb deletion amplified DNA extracted from
rho 0 cells indicating co-amplification of numts and the 7.7 kb deletion amplified only at less stringent annealing
temperatures meaning mispriming events would be more probable. These candidate deletions did not satisfy assay
requirements as designed here but may still exist as biomarkers benefiting from further assay optimization to obtain
better sequence specificity and assay sensitivity.

Of the seven deletions initially selected, the 1.2 and 3.7 kb deletions were present in sufficient copy number
in plasma to facilitate easy and reliable detection. The assays were specific under the tested PCR conditions and
accurately discriminated between symptomatic controls and endometrial disease cases (all subtypes and stages
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Figure 1. Diagnostic accuracy of the 1.2 and 3.7 kb deletions: symptomatic versus all disease. The 1.2 and 3.7 kb
deletions were evaluated for the ability to distinguish between symptomatic patient specimens and specimens from
patients with confirmed endometriosis (all subtypes/stages combined). ROC curves were constructed and the AUCs
were calculated.
AUC: Area under the curve; ROC: Receiver operating characteristic; Std: Standard.

combined). The AUC (95% CI) for the 1.2 kb deletion was 0.8116 (0.6178–1.005), which was statistically
significant (p = 0.0034). Similarly, the AUC (95% CI) for the 3.7 kb deletion was 0.8478 (0.6663–1.029), which
was also significant (p = 0.0011; data not shown).

Diagnostic accuracy of the 1.2 & 3.7 kb deletions
To more fully evaluate the 1.2 and 3.7 kb deletions as clinically viable biomarkers of endometriosis, we determined
the ability of these deletions to discriminate between symptomatic controls and all endometriosis types combined,
between three subtypes, and four stages of endometriosis using a larger set of clinical specimens (Table 1). We also
evaluated the frequency of the deletion in asymptomatic controls. Valid paired results (both target and 18S rRNA
gene amplification) were obtained for 171 specimens with the 1.2 kb deletion and 181 specimens with the 3.7 kb
deletion. The analyses were performed using only symptomatic control and confirmed disease specimens in order
to more accurately reflect the clinically relevant patient populations, that is, women presenting with symptoms of
endometriosis with surgical confirmation of disease status as an outcome. Importantly, the 1.2 and 3.7 kb deletions
detected no difference between symptomatic and asymptomatic control specimens, p = 0.462 and p = 0.878,
respectively.

Symptomatic controls versus all disease

Similar to the preliminary analysis using 55 clinical specimens, both the 1.2 and 3.7 kb deletions accurately
discriminated between symptomatic control and endometrial disease specimens (peritoneal, ovarian and deep
endometriosis specimens combined). The AUC (95% CI) for the 1.2 kb deletion was 0.7879 (0.6791–0.8967),
which was statistically significant (p < 0.0001). The AUC (95% CI) for the 3.7 kb deletion was 0.807 (0.7063–
0.9077), which was also significant (p < 0.0001; Figure 1). Coordinates of the ROC were examined and a threshold
selected to optimize sensitivity. Applying a threshold of -4.43 for discrimination of symptomatic controls and all
subtypes/stages of endometriosis using the 1.2 kb deletion results in sensitivity and specificity values of 81.8 and
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Table 2. Performance of the 1.2 and 3.7 kb deletions.
Disease Status 1.2 kb deletion 3.7 kb deletion

Sensitivity (%) Specificity (%) Sensitivity (%) Specificity (%)

All disease 81.8 72.2 85.0 57.9

Peritoneal 91.8 72.2 88.5 73.7

Ovarian 75.6 72.2 80.9 68.4

Deep infiltrating 79.6 66.7 80.0 52.6

Stage I/II 82.1 72.2 87.6 63.2

Stage III/IV 80.7 72.2 84.5 52.6

72.2%, respectively. At a threshold of 10.51, sensitivity and specificity for the 3.7 kb deletion are 85.1 and 57.9%,
respectively (Table 2).

Combining the 1.2 kb deletion with the 3.7 kb deletion improved the diagnostic accuracy (AUC 0.827
[0.722–0.931]) between all symptomatic controls and all endometriosis and AUC 0.882 (0.784–0.980) between
symptomatic controls and stage I/II disease (data not shown).

Disease by subtype – 1.2 kb deletion

An important feature of any diagnostic aid for endometriosis is the ability to accurately detect all disease subtypes.
We evaluated the ability of the 1.2 kb deletion to differentiate between symptomatic control specimens and
specimens from patients with confirmed peritoneal, ovarian and deep endometriosis. The distribution of the
1.2 kb deletion for each disease subtype is shown in Figure 2. The mean (SD) �Ct value was -4.89 (1.727) for
asymptomatic controls, -4.312 (2.075), for symptomatic controls, -7.187 (2.581) for peritoneal disease, -6.291
(2.344) for ovarian disease and -6.193 (2.143) for deep endometriosis. The difference in normalized 1.2 kb deletion
quantity between symptomatic controls was statistically significant for peritoneal (p < 0.0001), ovarian (p = 0.003)
and deep endometriosis (p = 0.0012).

Diagnostic accuracy of the 1.2 kb deletion is shown in Figure 2, with AUC (95% CI) values of 0.8549 (0.7425–
0.9672), p < 0.0001 for detection of peritoneal, 0.7457 (0.6118–0.8796), p = 0.0025 for detection of ovarian
and 0.7596 (0.6292–0.8901), p = 0.0012 for detection of deep endometriosis. Taken together, these data indicate
that the 1.2 kb deletion was able to accurately distinguish between specimens collected from symptomatic controls
and peritoneal, ovarian and deep endometriosis patients. Applying a threshold of -4.430 for discrimination of
symptomatic controls and peritoneal endometriosis using the 1.2 kb deletion results in sensitivity and specificity
values of 81.8 and 72.2%, respectively. At a threshold of -4.675, the sensitivity and specificity of the 1.2 kb deletion
in discriminating between symptomatic controls and ovarian endometriosis is 75.6 and 72.2%, respectively. At a
threshold of -4.350, the sensitivity and specificity of the 1.2 kb deletion in discriminating between symptomatic
controls and deep endometriosis is 79.6 and 66.7%, respectively (Table 2).

Disease by subtype – 3.7 kb deletion

The distribution of the 3.7 kb deletion for each disease subtype is shown in Figure 3. The mean (SD) �Ct
value was 11.01 (2.211) for asymptomatic controls, 11.12 (2.239) for symptomatic controls, 7.569 (1.843) for
peritoneal, 8.549 (2.089) for ovarian and 9.617 (2.125) for deep endometriosis. The difference in deletion quantity
between symptomatic controls was statistically significant for peritoneal (p < 0.0001), ovarian (p < 0.0001)
and deep endometriosis (p = 0.0072). Diagnostic accuracy of the 3.7 kb deletion in detecting each of the three
disease subtypes is shown in Figure 3, with AUC (95% CI) values of 0.8978 (0.8131–0.9824), p < 0.0001
for detection of peritoneal, 0.8158 (0.7003–0.9313), p < 0.0001 for detection of ovarian and 0.7110 (0.5746–
0.8475), p = 0.0071 for detection of deep endometriosis. Taken together, these data indicate that the 3.7 kb
deletion was able to accurately distinguish between specimens collected from symptomatic controls and women
with peritoneal, ovarian and deep endometriosis. Applying a threshold of 9.805 for discrimination of symptomatic
controls and peritoneal endometriosis using the 3.7 kb deletion results in sensitivity and specificity values of
88.5 and 73.7%, respectively. At a threshold of 9.910, the sensitivity and specificity of the 3.7 kb deletion in
discriminating between symptomatic controls and ovarian endometriosis is 80.9 and 68.4%, respectively. At a
threshold of 11.01, the sensitivity and specificity of the 3.7 kb deletion in discriminating between symptomatic
controls and deep endometriosis is 80.0 and 52.6%, respectively (Table 2).
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Figure 2. Diagnostic accuracy of the 1.2 kb deletion: detection of disease by subtype and stage. The 1.2 kb deletion was evaluated for
the ability to distinguish between symptomatic patient specimens and specimens from patients stratified by subtype of endometriosis
(peritoneal, ovarian, deep infiltrating). Top: The distribution of normalized 1.2 kb deletion for specimens from asymptomatic and
symptomatic controls, patients with peritoneal, ovarian or deep infiltrating endometriosis or patients with low (I/II) or high (III/IV) stages
of endometriosis. Box boundaries represent the 25th and 75th percentile, the line in the middle represents the median and the whiskers
represent the 90th (top) and 10th (bottom) percentiles. Dots represent outlier values (left). Descriptive statistics are summarized for each
group (right). Bottom: ROC curves for the 1.2 kb deletion were constructed and the areas under the curves were calculated, showing
diagnostic accuracy.
Asympto: Asymptomatic control; Dev: Deviation; DIE: Deep infiltrating endometriosis; N: Number of specimens in each group; ROC:
Receiver operating characteristic; Std: Standard; Sympto: Symptomatic control.
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Figure 3. Diagnostic accuracy of the 3.7 kb deletion: controls versus disease by subtype and stage. The 3.7 kb deletion was evaluated
for the ability to distinguish between symptomatic patient specimens and specimens from patients stratified by subtype of endometriosis
(peritoneal, ovarian, deep infiltrating). Top: The distribution of normalized 3.7 kb deletion for specimens from asymptomatic and
symptomatic controls, patients with peritoneal, ovarian or deep infiltrating endometriosis or patients with low (I/II) or high (III/IV) stages
of endometriosis. Box boundaries represent the 25th and 75th percentile, the line in the middle represents the median and the whiskers
represent the 90th (top) and 10th (bottom) percentiles. Dots represent outlier values (left). Descriptive statistics are summarized for each
group (right). Bottom: ROC curves for the 3.7 kb deletion were constructed and the AUCs were calculated, showing the diagnostic
accuracy.
Asympto: Asymptomatic control; AUC: Area under the curve; Dev: Deviation; DIE: Deep infiltrating endometriosis; N: Number of
specimens in each group; ROC: Receiver operating characteristic; Sympto: Symptomatic control; Std: Standard.
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Table 3. Effect of patient and specimen age, hormonal therapy and menstrual cycle.
Parameter Pearson’s correlation (r) p-value ANOVA‡ or t-test† p-value

1.2 kb 3.7 kb 1.2 kb 3.7 kb 1.2 kb 3.7 kb

Patient age 0.030 0.1034 0.698 0.166 –

Specimen age 0.072 0.0628 0.353 0.4009 –

Hormonal status† – – 0.120 0.195

Menstrual cycle‡ – – 0.228 0.036

†The t-test was used to determine effect of hormonal status on detection of endometriosis.
‡ANOVA was used to determine effect of menstrual cycle on detection of endometriosis.
ANOVA: Analysis of variance.

Disease by stage – 1.2 kb deletion

Another important characteristic of a biomarker for endometriosis is the ability to detect both low and high stages of
disease. We next evaluated the ability of the 1.2 kb deletion to differentiate between symptomatic control specimens
and specimens from confirmed low (I/II) or high (III/IV) stages of disease. The distribution of the 1.2 kb deletion
for stage I/II and stage III/IV disease is shown in Figure 2. The mean (SD) �Ct value was -4.312 (2.075) for
symptomatic controls, -6.692 (2.505) for stage I/II and -6.348 (2.25) for stage III/IV. The difference between
symptomatic controls was statistically significant for stage I/II (p < 0.0001) and stage III/IV (p = 0.001) disease
groups. The difference between stage I/II and III/IV was not statistically significant (p = 0.406).

Diagnostic accuracy of the 1.2 kb deletion is shown in Figure 2, with AUC (95% CI) values of 0.7989 (0.6868–
0.9111), p < 0.0001 for detection of stage I/II and 0.7661 (0.6398–0.8924), p = 0.0007 for detection of stage
III/IV disease. Thus, the 1.2 kb deletion was able to accurately distinguish between symptomatic controls and all
stages of disease. At a threshold of -4.430, the sensitivity and specificity of the 1.2 kb deletion in discriminating
between symptomatic controls and stage I/II endometriosis is 82.1 and 72.2%, respectively. At a threshold of
-4.490, the sensitivity and specificity of the 1.2 kb deletion in discriminating between symptomatic controls and
stage III/IV endometriosis is 80.7 and 72.2%, respectively (Table 2).

Disease by stage – 3.7 kb deletion

The distribution of the 3.7 kb deletion for stage I/II and stage III/IV disease is shown in Figure 3. The mean (SD)
�Ct value was 11.12 (2.239), for symptomatic controls, 8.243 (2.156) for stage I/II and 9.112 (2.14) for stage
III/IV. The difference between symptomatic controls was statistically significant for stage I/II (p < 0.0001) and
stage III/IV (p = 0.0008) disease groups. Diagnostic accuracy of the 3.7 kb deletion is shown in Figure 3, with AUC
(95% CI) values of 0.8383 (0.7412–0.9353), p < 0.0001 for detection of stage I/II and 0.7591 (0.6354-0.8837),
p = 0.0007 for detection of stage III/IV disease. The difference between stage I/II and III/IV was statistically
significant for the 3.7 kb deletion (p = 0.016). These data indicate that the 3.7 kb deletion was able to accurately
distinguish between symptomatic controls and all stages of disease. At a threshold of 10.17, the sensitivity and
specificity of the 3.7 kb deletion in discriminating between symptomatic controls and stage I/II endometriosis
is 87.6 and 63.2%, respectively. At a threshold of 11.00, the sensitivity and specificity of the 3.7 kb deletion in
discriminating between symptomatic controls and stage III/IV endometriosis is 84.5 and 52.6%, respectively.

Correlation with patient age, specimen age, hormonal therapy & menstrual phase – 1.2 kb deletion

An ideal biomarker test would provide accurate results independent of patient and specimen age, treatment with
hormonal therapy and timing of menstrual phase during specimen collection. The effect of these parameters on
disease detection is summarized in Table 3. For the 1.2 kb deletion, we determined that there was no correlation
with the detection of disease and patient age; the correlation coefficient (r) was r = 0.030 (p = 0.698). There was also
no correlation with disease detection and specimen age by year of collection (r = 0.072; p = 0.353). When stratified
by hormonal status (patients that received hormonal therapy or had no hormonal therapy within the 3 months
prior to specimen collection), the difference in disease detection was not statistically significant (p = 0.120). When
patients were stratified by menstrual phase (no menstruation, irregular menstruation, menstruation, follicular phase
or luteal phase + extended menstruation), there was no statistically significant difference in disease detection with
the 1.2 kb deletion (p = 0.228).
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Similarly, disease detection based on the 3.7 kb deletion was not significantly correlated to patient age (r = 0.1034;
p = 0.166) or specimen age (r = 0.0628; p = 0.4009) or significantly affected by hormonal therapy (p = 0.195).
Detection of endometriosis with the 3.7 kb deletion was significantly correlated to menstrual phase (p = 0.036),
which was driven specifically by the difference in detection between patients who reported no period and those that
were in the follicular phase (p = 0.026) with a difference of 1.72. Combined, these data indicate that the accuracy of
the 1.2 kb and is not significantly affected by these clinically relevant variables and accuracy of the 3.7 kb deletion
is slightly affected by menstrual phase.

Discussion
Endometriosis is a highly prevalent disease in women of reproductive age that is associated with a large economic
burden and results in a substantial reduction in the QoL of those affected. One of the key contributors to this clinical
problem is the lack of diagnostic tools to facilitate early detection and intervention. The current diagnostic gold
standard is a thorough laparoscopic inspection ideally followed by histologic confirmation of suspected lesions [5,15].
Because there are minimal objective data available, the diagnostic value of this process in largely unclear. The use
of laparoscopic exams has been considered by some to be potentially inaccurate, and even paired with histologic
confirmation accuracy reportedly ranges from 60 to 85% [48–51]. The standard diagnostic process could be further
complicated in cases where the disease presents itself atypically, or in early stages of disease that are not easily
visualized and overlooked by inexperienced surgeons. Additionally, where medical intervention could be initiated
in an effort to avoid or delay surgery, a presumptive diagnosis of endometriosis based upon an accurate biomarker
test could provide needed evidence in support of this treatment. Thus, there is a clear need to improve upon the
current standard, particularly in a way that could provide more routine results early in the course of disease.

In the current study, we identified and evaluated two novel mtDNA deletions as potential biomarkers for
endometriosis. Assays targeting the 1.2 and 3.7 kb deletions met criteria for robust diagnostic tests, utilize a
minimally invasive specimen, and if successfully translated into clinical use, could potentially help reduce the
delay in time to diagnosis associated with current diagnostic practices and provide an opportunity for medical
intervention prior to a surgical one. After setting a diagnostic threshold (as described above), the sensitivity of the
1.2 kb deletion assay was 81.8% and specificity was 72.2%. The diagnostic performance of the 3.7 kb deletion assay
was similar with sensitivity and specificity of 85.1 and 57.9%, respectively. Thus, diagnostic assays based on either
of these deletions have the potential to compliment the current standard of care. Of particular importance is the
diagnostic accuracy of these deletions for early stage disease as later stage disease is more readily detected in current
practice using ultrasound. In a primary care setting, a positive test result could support initiating first-line medical
treatment for endometriosis such as oral contraceptives or trigger a specialist referral. Interestingly, as the difference
in the means between the two control groups was very small and not significant (0.578 and 0.11 for the 1.2 kb
and the 3.7 kb deletions, respectively), and thus diagnostic accuracy comparable, future development may explore
utility in screening the healthy females beginning at menarche, perhaps to monitor for increases in the deletion(s)
over time. An estimated 10% of women presenting with dysmenorrhea have secondary dysmenorrhea, with the
majority caused by endometriosis [52]. In this population, the 1.2 and 3.7 kb deletions would quite effectively rule
out endometriosis with a negative predictive value of 97%. In a secondary care setting, a positive test could guide
the decision to initiate treatment with second-line medication such as gonadotropin-releasing hormone antagonists
or to proceed with laparoscopic surgery. Importantly, in the former setting a diagnostic cut-off could be selected to
maximize test sensitivity as the risk associated with an incorrect false-positive result is less critical, whereas in the
latter setting, a different diagnostic cut-off to maximize specificity and minimize the exposure of women without
the disease to the risks associated with these interventions could be beneficial.

In addition to diagnostic accuracy, the ability of these two biomarkers to detect endometriosis was not correlated
to patient age, specimen age or hormone status, and only the 3.7 kb deletion had a slight correlation to the patients’
phase of menstrual cycle at the time of specimen collection. Further study is needed to confirm whether this
correlation with menstrual phase exists in a larger cohort of patients, or whether it is an artifact of the number
of specimens used in this study. We demonstrated that both the 1.2 and 3.7 kb deletions accurately detect all
subtypes and stages of disease. In contrast to the current diagnostic standard that involves visualization during
surgery and possible excision of lesions for histological confirmation, assays based on mtDNA deletions require
only a blood specimen and could potentially provide objective results before or instead of a surgical intervention.
Thus, if successfully translated into clinical use, mtDNA-based assays have the potential to reduce the delays in
diagnosis [16] and provide actionable results earlier in the course of disease than currently possible.
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From a practical standpoint, use of a blood-based biomarker assay has several advantages to effectively augment
the current standard of care. The specimen is easy and inexpensive to collect via venipuncture, and there is a
low likelihood to have comorbidities associated with collection. Blood specimens can be readily collected in an
outpatient physicians’ office or clinic, eliminating the need for dedicated surgical space and equipment. As a result
of the high copy number of mtDNA, standard DNA extraction methods are used without the need for enrichment
techniques and ample DNA is recovered from a standard blood specimen so a low test failure rate can be anticipated.
The assays use PCR-based technology that is cost-effective and widely used in clinical labs, and while the assays are
quantitative, the output is easily interpreted, that is, a test result is either above or below a defined diagnostic cut-off
which corresponds to either a positive or negative outcome. Finally, a lack of, or minimal correlation with menstrual
stage ensures that sampling requirements are simplified and timing of menstruation need not be considered when
scheduling venipuncture.

A key element in successful disease management is understanding disease epidemiology. Due, in part, to a relatively
complex diagnostic process and symptoms that overlap with other gynecological disorders, the epidemiology of
endometriosis is not well-characterized and varies across patient populations and geographic locations [1,2,4,6]. With
the advent of molecular assays such as those described here, additional data could become more readily available
and help fill in some of the gaps in our understanding of endometriosis epidemiology. Importantly, this study
utilized publicly available standardized processes for specimen collection and processing, which will allow for more
direct comparison of test results across different studies and patient populations [41–44,53].

Importantly, the location of the mtDNA deletions may also help shed light on the pathophysiological process
of endometriosis. Both the 1.2 and 3.7 kb deletions affect all or part of the genes encoding for Complexes I and
V (ATP synthase) of the respiratory chain and several tRNAs. Although these deletions likely result in abnormal
mitochondrial ATP synthase and Complex I proteins, the heteroplasmic nature of mtDNA likely allows some
degree of functional compensation within the population. Interestingly, the two best candidates out of the seven
tested in this study are deletions within regions that overlap each other in the mitochondrial genome. Given that
the 1.2 kb deletion region (ATP6 to ND3) resides within the larger 3.7 kb deletion (ATP6 to ND5), perhaps it is
not surprising that the diagnostic accuracy of the two deletions is similar.

Based on the data presented here, the 1.2 and 3.7 kb mtDNA deletions are associated with endometriosis;
however, an additional study is necessary to understand what mechanistic role this mitochondrial genomic region
plays in the development of endometriosis.

Limitations of this study include the use of patient-reported hormone and menstrual status, which can be less
accurate than taking study-specific data measurements. In addition, because the deletions were characterized using
circulating cell-free DNA rather than directly from affected and unaffected tissue, the association with endometriosis
is presumptive. These data, while encouraging, require replication and validation in a larger independent dataset
and characterization in the tissue. These studies are currently underway.

Conclusion
Biomarkers derived from the mitochondrial genome, including the 1.2 and 3.7 kb deletions described here, offer
a promising and largely unexplored avenue in the pursuit of diagnostic markers for endometriosis that can be
effectively translated to clinical application. Based on a minimally invasive specimen, assays based on these markers
could positively impact the diagnostic landscape for endometriosis by reducing the delay in diagnosis and providing
rapid, actionable and objective test results. Further validation of these markers as diagnostic aids is ongoing.

Future perspective: mitochondrial biomarkers of disease
The mitochondrial genome, though well-characterized and first fully sequenced in 1981, has long been overlooked
as a diagnostic tool outside of rare metabolic diseases such as Leber’s Hereditary Optic Neuropathy. However,
this genome is in many ways ideally suited to provide real-time disease data. The genome itself resides within the
mitochondrial matrix, the site of most intracellular reactive oxygen species (ROS) production – ROS themselves
are a potent DNA damaging agent. The increase in these mutagenic species is closely tied to the cellular stress
response associated with disease progression. In many cases, the resulting mutated mitochondrial DNAs accumulate
in parallel with this progression facilitating the identification of diagnostic cut-offs from a single mitochondrial
biomarker, tailored to a specific clinically relevant end point. In cases, such as prostate cancer, where overdiagnosis
and treatment is a concern and a repository of indolent disease exists within a population, a cut-off can be
determined to select for more advanced disease. Alternatively, where earlier detection can positively impact patient
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outcomes, a cut-off to detect the initial accumulation of a disease specific mitochondrial deletion is of benefit. This
quantitative accumulation may also provide meaningful information in post-treatment monitoring scenarios.

Importantly, owing to the proximity to ROS and the inability to effectively repair many types of mutations these
mitochondrial mutations occur very early in the disease process, often well before nuclear genome alterations begin.
As ongoing research continues to identify, report and commercialize novel disease biomarkers originating from the
mitochondrial genome, the opportunity to enhance the current diagnostic and treatment pathways across a vast
array of diseases will be significant.

Summary points

• Endometriosis is a significant health burden that affects up to 10% of women worldwide. Currently, diagnosis is
based on surgical visualization followed by histological confirmation.

• Diagnosis is often complicated due to variable clinical presentation and symptoms that overlap with other
gynecological disorders. As a result, definitive diagnosis can be delayed up to a decade, which can result in higher
morbidity and decreased quality of life for those affected.

• Thus, there is a clear need for rapid, reliable diagnostic aids that can provide actionable results early in the course
of disease.

• Study specimens were collected from women scheduled to undergo laparoscopy for pelvic pain (symptomatic and
cases) or tubal ligation (asymptomatic). Study participants were female, aged 18 years or older (until menopause)
and were confirmed as not pregnant.

• Seven candidate mitochondrial DNA deletions were identified and evaluated to determine whether each was
detectable in plasma, had sufficient copy number for reliable detection, had the predicted amplicon size, were
specific and did not co-amplify nuclear pseudogenes or generate nonspecific amplification products.

• Six candidate deletions were further evaluated by QPCR and clinical specimens to determine whether each met
the criteria for a robust diagnostic assay and evaluated accuracy in discriminating between endometriosis and
control specimens. Two deletions were selected as potential biomarker candidates (1.2 and 3.7 kb deletions).

• The 1.2 and 3.7 kb deletions accurately detected endometriosis, including all subtypes and disease stages, and
detection was not correlated to patient or specimen age or hormone therapy. Only the 3.7 kb deletion was
significantly correlated to menstrual phase, which was limited only to two phases.

• Biomarkers derived from the mitochondrial genome, including the 1.2 and 3.7 kb deletions described here, offer
a promising and largely unexplored avenue in the pursuit of diagnostic markers for endometriosis that can be
effectively translated to clinical application.

• Based on a minimally invasive specimen, assays based on these markers could positively impact the diagnostic
landscape for endometriosis by reducing the delay in diagnosis and providing rapid, actionable and objective test
results.
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