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Abstract: Longitudinal CA125 algorithms are the current basis of ovarian cancer screening. We report
on longitudinal algorithms incorporating multiple markers. In the multimodal arm of United
Kingdom Collaborative Trial of Ovarian Cancer Screening (UKCTOCS), 50,640 postmenopausal
women underwent annual screening using a serum CA125 longitudinal algorithm. Women (cases)
with invasive tubo-ovarian cancer (WHO 2014) following outcome review with stored annual serum
samples donated in the 5 years preceding diagnosis were matched 1:1 to controls (no invasive
tubo-ovarian cancer) in terms of the number of annual samples and age at randomisation. Blinded
samples were assayed for serum human epididymis protein 4 (HE4), CA72-4 and anti-TP53
autoantibodies. Multimarker method of mean trends (MMT) longitudinal algorithms were developed
using the assay results and trial CA125 values on the training set and evaluated in the blinded validation
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set. The study set comprised of 1363 (2–5 per woman) serial samples from 179 cases and 181 controls.
In the validation set, area under the curve (AUC) and sensitivity of longitudinal CA125-MMT
algorithm were 0.911 (0.871–0.952) and 90.5% (82.5–98.6%). None of the longitudinal multi-marker
algorithms (CA125-HE4, CA125-HE4-CA72-4, CA125-HE4-CA72-4-anti-TP53) performed better or
improved on lead-time. Our population study suggests that longitudinal HE4, CA72-4, anti-TP53
autoantibodies adds little value to longitudinal serum CA125 as a first-line test in ovarian cancer
screening of postmenopausal women.
Keywords: ovarian cancer; CA125; HE4; UKCTOCS; MMT; screening; postmenopausal women

1. Introduction
Ovarian cancer is the most fatal of all gynaecological malignancies [1]. Despite significant
advances in treatment, the impact on mortality over the past three decades has been modest [2–5].
A key contributing factor is diagnosis at advanced stages when survival is poor (5-year survival rates
for stage III/IV disease 35% versus 90% for stage I) [6]. Efforts over the past four decades have therefore
focused on early detection. Advances in understanding the natural history has meanwhile clarified the
need to focus on detecting invasive tubo-ovarian cancer (WHO 2014), especially Type II (high-grade
serous) cancers as they account for most of the mortality.
Since its discovery in 1981, CA125 remains the best performing marker for ovarian cancer.
It forms an integral part of differential diagnosis and has been studied extensively in the context of
screening [7–10]. In screening, performance has been improved by the use of the Risk of Ovarian
Cancer Algorithm (ROCA), which assesses serial changes in CA125 over time. As a first-line test for
ovarian cancer screening, ROCA had a sensitivity of 85.8% in the United Kingdom Collaborative Trial
of Ovarian Cancer Screening (UKCTOCS) during incidence screening [11]. Moreover, screening using
the multimodal strategy (ROCA as the first-line test with transvaginal ultrasound as the second-line
test) resulted for the first time in a stage shift in women diagnosed with invasive tubo-ovarian
cancer compared with no screening, on an “intention to screen” analysis. The mortality benefit was
however not definitive at the first analysis and further follow-up is underway [5]. Retrospective
analysis using data from the trial suggests that other longitudinal CA125 algorithms such as parametric
empirical Bayes (PEB) [12,13], parenclitic networks [14], deep learning [15] and method of mean trends
(MMT) [16,17] are likely to perform similarly.
Over the years, data from small case–control studies [18,19] have suggested that markers like
human epididymis protein 4 (HE4) and TP53 autoantibodies might complement CA125 in ovarian
cancer screening. HE4 was the second best marker for invasive tubo-ovarian cancer after CA125
(sensitivity CA125 86%; HE4 73%) in a nested case–control study within the Prostate, Lung, Colorectal
and Ovarian cancer screening (PLCO) trial using a single preclinical sample taken within 6 months of
diagnosis [20]. Data from the Carotene and Retinol Efficacy Trial suggested that a panel including
CA125, HE4 and mesothelin may provide a signal for ovarian cancer 3 years before diagnosis [21].
More recently, elevated anti-TP53 autoantibody levels were detected in 16% of cases not detected
by ROCA in the UKCTOCS sample set, providing in these cases a lead time of 22 months [19].
Other studies have explored the performance of multi-marker (CA125, IGFBP2, LCAT, SHBG, GRP78
and calprotectin) [22] panels. All have used cut-offs for interpreting results. Longitudinal algorithms
incorporating multiple markers have not been previously investigated.
We report on the performance of longitudinal multi-marker algorithms incorporating CA125,
HE4, CA72-4 and anti-TP53 autoantibodies as a first-line test in ovarian cancer screening using the
prospective specimen collection and the retrospective blinded evaluation (PRoBe) design [23] within
the general population UKCTOCS trial.
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2. Results
During a median follow-up of 11.1 (IQR 10.0–12.0) years, of the 46,237 women randomised to
the multimodal screening (MMS) arm of UKCTOCS who had two or more annual screens, 238 were
diagnosed with invasive tubo-ovarian cancer [24]. At the time of sample selection, 179 (75.2%) of
the latter had adequate (>2 mL) serum in the biorepository. The final set comprised of 179 cases
and 181 controls. Training and validation sets comprised of 181 women (90 invasive tubo-ovarian
cancer cases, 91 controls; 676 annual samples) and 179 women (89 invasive tubo-ovarian cancer cases,
90 controls; 677 annual samples), respectively (Table 1), with 2–5 serial samples per woman.
Table 1. Details of cases (invasive tubo-ovarian cancer) and controls in training and validation sets.
Annual Samples Available in
Year Preceding Diagnosis

Overall

Group
No. of Women

No. of Annual Samples

No. of Women

No. of Annual Samples

Cases

90

317

68

68

Controls

91

359

113/167 *

608

Cases

89

332

74

74

Controls

90

355

105/173 *

613

Training Set

Validation Set

* a case is included as a control until the screen is within a year of diagnosis for the purposes of this analysis—the first
number is unique controls and the second number includes those who will become cases.

Of the cases, 68 and 74 were diagnosed within 1 year of sample in the training and validation
set, respectively (Table 1). There was no difference in age between the cases and controls. Baseline
and clinical characteristics of the women in the training and validation sets were well balanced
(Table 2). There were 13 Type I, 74 Type II, and 3 Type uncertain tubo-ovarian cancers in the
training set, and 11 Type I, 72 Type II, and 6 Type uncertain in the validation set. In the
training set, four longitudinal multi-marker algorithms (CA125-HE4-MMT1, CA125-HE4-MMT2,
CA125-HE4-CA72-4-MMT, CA125-HE4-CA72-4-anti-TP53-MMT) were derived and then applied to
the validation set, which comprised of 670 annual samples from 179 women (Table 1).
For the detection of invasive tubo-ovarian cancers diagnosed within 1 year of last annual
sample, at a fixed specificity of 87.6% (similar to ROCA as a first-line test in UKCTOCS), CA125,
HE4 or CA72-4 alone had a sensitivity of 73%, 58.1%, and 37.8%, respectively (Table 3). Figure 1
shows the Receiver Operating Curve (ROC) for the performance of CA125-MMT versus the
four newly developed models, CA125-HE4-MMT1, CA125-HE4-MMT2, CA125-HE4-CA72-4-MMT,
CA125-HE4-CA72-4-anti-TP53-MMT, in the validation set. CA125-MMT provided a higher area under
the curve (AUC) compared with any other model (0.911 versus 0.897–0.902) (Table 3). At a specificity of
87.6%, CA125-MMT outperformed all other multimarker models (sensitivity of 90.5% versus 81–86.5%)
with CA125-HE4-MMT1 being the next best model.
Of the 74 invasive tubo-ovarian cancers in the validation set, 67 (90.5%) were detected by the
CA125-MMT model, of whom 53 (79.1%) were Type II cancers (Table S1). Of the other models,
the CA125-HE4-MMT1 detected 64 cancers with one additional woman with Type I cancer not detected
by the CA125-MMT model.
In the lead time analysis, no multimarker algorithm outperformed CA125-MMT. The lead time
from marker elevation/change point to diagnosis was on average 140–148 days (multimarker algorithms)
compared with 152 days (CA125-MMT algorithm) (Table 4).

Cancers 2020, 12, 1931

4 of 12

Table 2. Characteristics of cases and controls in training and validation sets.
Baseline Characteristics

Training Set

Validation Set

No. of women
Median age at recruitment (years)
BMI
OCP use
Median Duration of OCP use (years)
Hysterectomy
% White ethnicity
HRT use
Personal history of breast cancer

181
63.54
26.46
90 (49.7%)
5 (n = 89)
35 (19.3%)
177 (97.8%)
25 (13.8%)
3 (1.66%)

179
63.68
25.99
88 (49.2%)
5 (n = 86)
34 (19.0%)
174 (97.6%)
33 (18.4%)
7 (3.91%)

Morphology of Cases
Invasive tubo-ovarian cancer

90

89

Histological Type of Invasive Tubo-Ovarian Cancer
Type I
Endometrioid (low grade)
Serous (low grade)
Clear cell
Type II
High grade serous ovarian
Carcinoma, NOS
Endometrioid (high grade)
Carcinosarcoma
Type uncertain
Carcinoma, NOS
Serous (grade unknown)

13
6
1
6
68
57
10
6
1
3
2
1

11
5
2
4
63
62
3
5
2
6
4
2

Stage of Invasive Tubo-Ovarian Cancer
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I
II
III
IV

21
12
47
10

20
10
53
6

5 of 12

BMI, body mass index; OCP, oral contraceptive pill; HRT, hormone replacement therapy.

Figure 1. ROC curves with the AUC for each of the longitudinal algorithms.
Figure 1. ROC curves with the AUC for each of the longitudinal algorithms.

Of the 74 invasive tubo-ovarian cancers in the validation set, 67 (90.5%) were detected by the
CA125-MMT model, of whom 53 (79.1%) were Type II cancers (Table S1). Of the other models, the
CA125-HE4-MMT1 detected 64 cancers with one additional woman with Type I cancer not detected
by the CA125-MMT model.
In the lead time analysis, no multimarker algorithm outperformed CA125-MMT. The lead time
from marker elevation/change point to diagnosis was on average 140–148 days (multimarker
algorithms) compared with 152 days (CA125-MMT algorithm) (Table 4).
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Table 3. Sensitivity and area under the ROC curve (AUC) of algorithms for the detection of invasive
tubo-ovarian cancer diagnosed within one year of sample in the validation set.
Algorithms
CA125-MMT

CA125-HE4-MMT1

CA125-HE4-MMT2

CA125-HE4-CA72-4-MMT

CA125-HE4-CA72-4-anti-TP53-MMT

CA125

HE4

CA72-4

AUC (95%CI)

Sensitivity (95%CI) at 87.6% SPECIFICITY

91.1

90.5

(87.1 to 95.2)

(82.5 to 98.6)

89.7

86.5

(85.6 to 93.8)

(77.7 to 95.2)

90.2

81

(86.4 to 94)

(71.8 to 90.4)

89.7

82.4

(85.8 to 93.7)

(73.5 to 91.4)

90

82.4

(86.2 to 93.6)

(73.5 to 91.4)

86.5

73

(81.1 to 91.9)

(61.1 to 84.8)

80.4

58.1

(74.8 to 86)

(45.4 to 70.8)

71.7

37.8

(65 to 78.5)

(22.9 to 49.8)

AUC, area under ROC curve; CI, confidence interval.

Table 4. Lead time of algorithms for the detection of invasive tubo-ovarian cancer in the validation set.
Algorithm

No. of Cases Detected
by Algorithm

Mean Lead Time

SD

CA125-MMT
CA125-HE4-MMT1
CA125-HE4-MMT2
CA125-HE4-CA72-4-MMT
CA125-HE4-CA72-4-anti-TP53-MMT

67
64
60
61
61

152
148
140
144
144

95
95
91
92
92

The newer models offered no benefit in detecting poor prognostic cases (who died within
5 years of the last sample taken), with 12 of 67 (18.0%) women detected by the CA125-MMT model.
The CA125-HE4-MMT2 model was able to detect 11 cases who died but at a cost of only detecting
60 cases. None of the other models were able to improve on this.
3. Discussion
3.1. Principal Findings
This is the first study to explore the added value of longitudinal multi-marker profiles to
longitudinal CA125 for ovarian cancer screening. In this population-based case–control study,
the addition of longitudinal HE4 or other markers such as CA72-4 and anti-TP53 did not improve on
the performance of the longitudinal single marker CA125 algorithm in postmenopausal women [16].
There was also no improvement in lead time over longitudinal CA125. It would therefore be hard to
justify the higher costs of including HE4 alongside CA125 in this population.
3.2. Results in Context
The current sensitivity of multimodal ovarian cancer screening is 87%. The MMS strategy consists
of first-line screening using the longitudinal CA125 algorithm (ROCA) followed by repeat CA125
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profiling and transvaginal ultrasound in women with intermediate or elevated test results. There has
been longstanding interest in the possibility of increasing sensitivity by adding other markers that
might help detect the 15% of the cases that are currently missed using the MMS strategy, which is
probably due to the tumours not expressing CA125. HE4 has been the fore runner among potential
markers ever since being highlighted in the study by Cramer and colleagues [20] using samples
from the ovarian cancer screening arm of the PLCO trial. This study showed that out of 35 markers
evaluated in a single sample taken 6 months prior to diagnosis in 118 women with ovarian cancer, HE4
(sensitivity 73%) was the second best marker to CA125 (sensitivity 86%). A previous exploratory study
nested within the UKCTOCS cohort which was enriched for the missed cases also seemed to suggest
that longitudinal HE4 and CA72-4 might improve sensitivity [25]. In the same UKCTOCS nested
case–control study, p53 autoantibody profile was shown to complement CA125 in that it was able to
detect 20.7% of those not detected by ROCA [19]. This was however not borne out in our rigorous
study that used all available samples from the multimodal cohort. Our results using a cut-off as used
in the PLCO analysis resulted in similar results (HE4 sensitivity 58.1% vs. 73% in PLCO; CA125 73%
versus 86% in PLCO).
3.3. Clinical and Research Implications
There are now a number of longitudinal CA125 algorithms [16,26]. The advantage of the MMT
methodologies presented here is that they incorporate longitudinal profiling of multiple biomarkers
in a single algorithm. This sets the stage for future work incorporating novel markers as they gain
recognition in ovarian cancer screening. Moreover, the longitudinal algorithms framework described
here is applicable to other cancers and diseases where a serial profile of multiple markers is available.
3.4. Strengths and Limitations
The major strength is the decrease in bias through the use of a population-based nested case–control
as per the PRoBE study design [23]. All samples were prospectively collected before outcome
ascertainment. Linkage to electronic health records and independent outcome review of cases ensured
complete and accurate data. The study has involved the largest dataset of serial samples up to 5 years
prior to diagnosis of tubo-ovarian cancer in postmenopausal women from the general population that
we are aware of. While the number of cases may seem small, the set consisted of 75% of all women
who had two or more annual screens and were diagnosed with invasive tubo-ovarian cancer in the
course of 343,156 screens. CA125, HE4 and CA72-4 assays were assayed by ELISA (enzyme-linked
immunosorbent assay), the gold standard [27] in assaying markers. When applying the algorithm in
the validation set, the statistician was blinded to the outcome. The algorithms described have a flexible
modelling framework and hence can be used more widely. HE4 levels are known to increase with age
in healthy people [28]. To address this in our design we have used age-matched controls. Moreover,
as our models are based on trend indices rather than raw HE4 levels, the variation in age is unlikely to
affect our results. While all women donated annual samples, it needs to be noted that the available
serial repeat samples were influenced by the use of CA125 and ROCA in the trial. The results cannot
be extrapolated to high-risk screening strategies where the frequency of screening is 6-monthly or less.
In these high risk populations, ovarian cancer screening, if undertaken, usually starts at age 35 and
in these premenopausal women HE4 may be helpful in ruling out endometriosis. We only used one
control per case due to limited funds. Including a larger number of controls would have shed more
light on the biological variation of HE4 in postmenopausal women.
4. Materials and Methods
4.1. Subjects
Between April 2001 and September 2005, 202,638 postmenopausal women aged 50–74 were
recruited to UKCTOCS through 13 trial centres based in England, Wales and Northern Ireland (NI).
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The women were randomised to annual screening: (1) MMS using serum CA125 interpreted with the
ROCA followed by transvaginal ultrasound (TVS) as a second-line test (n = 50,640); (2) ultrasound
(USS) screening using TVS alone (n = 50,639); or (3) no screening (control) group (n = 101,359) in a 1:1:2
ratio, as described previously [29,30]. In the MMS group, based on ROCA, women were triaged to
(1) annual screening if normal; (2) repeat CA125 in 6 weeks if intermediate; (3) repeat CA125 and TVS
if the risk was elevated. Women with abnormal ultrasound or persistent elevated risk (irrespective
of scan findings) had clinical assessment by a trial clinician and additional investigations within the
NHS. Women who had surgery or biopsy for suspected tubo-ovarian cancer after clinical assessment
were considered trial-screen positive. Blood samples were taken at the trial centres in gel tubes
(8 mL gel separation serum tubes; Greiner Bio-One 455071, Stonehouse, UK) and transported at room
temperature overnight to the central UKCTOCS laboratory using the standard protocol [11,29,31].
The samples received within 56 h of venepuncture were processed by centrifuging at 1500× g for 10 min.
The serum was separated and assayed for CA125. The excess serum was pre-cooled at −80 ◦ C and
stored in 500 µL straws in liquid nitrogen at an off-site cryorepository until the sample was retrieved
and thawed for the current analysis.
UKCTOCS was approved by the UK North West Multicentre Research Ethics Committees (North
West MREC 00/8/34) on 21 June 2000 with site-specific approval from the local regional ethics committees
and the Caldicott guardians (data controllers) of the primary care trusts. The current study was
approved by the NRES (National Research Ethics Service) Committee North East-Tyne & Wear South
(Ref: 15/NE/0025) on 20 January 2015.
All women were followed up through linkage via electronic health records for cancers and deaths
as previously detailed [5,30] (NHS Digital, England and Wales; Northern Ireland Cancer Registry
and NI Health and Social Care Business Services Organisation, NI). Women also completed two
follow-up postal questionnaires; 3–5 years after randomisation, and in April 2014. As for the mortality
analysis previously undertaken [5], cancer registrations received up to 5 April 2015 (England, Wales),
and 9 April 2015 (NI) were used.
For all women with a possible diagnosis of ovarian cancer (one of 19 ICD-10 codes) [5], medical
notes were requested and reviewed by a member of the independent Outcomes Review Committee
(two pathologists and two gynaecological oncologists) who were masked to the randomisation group [5].
The Outcomes Review Committee [5] confirmed the final diagnosis—the primary cancer site (WHO
2014) [24]; the stage and morphology; and where possible, classified invasive tubo-ovarian cancer (WHO
2014 classification) [24] which included epithelial ovarian, fallopian tube and the primary peritoneal
cancer as per WHO 2003 classification into Type I (low-grade serous, low-grade endometrioid, mucinous,
clear cell) or Type II (high-grade serous, high-grade endometrioid, carcinosarcomas, undifferentiated)
cancers or Type uncertain [32].
4.2. Sample Set and CA125, HE4, CA72-4 and Anti-TP53 Autoantibody Assays
The cases were all women in the MMS group diagnosed with invasive tubo-ovarian cancer [24]
during follow-up, who had ≥2 serial samples taken within 5 years of diagnosis. Women with borderline
epithelial and non-epithelial ovarian cancer were excluded. The controls were randomly chosen from
the remaining women who did not have primary malignant neoplasm of the ovary. The cases were
matched (1:1) to controls in terms of the number of annual samples available and age (±6 months)
at randomisation.
The sample set for the study included all serial samples in the cases and controls where >2 mL
serum was available in the cryorepository.
Once assayed for CA125 (Roche Diagnostics, Burgess Hill, UK), the excess serum was stored in
liquid nitrogen in an off-site commercial cryorepository until it was retrieved for this study.
CA125 measurements (Roche, Burgess Hill, UK) completed as part of the UKCTOCS screening
protocol were used along with anti-TP53 autoantibody values assayed during a previously reported
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study [19]. HE4 and CA72-4 (Roche Diagnostics, Burgess Hill) were assayed on all samples using the
Roche Cobas analyser at the UCL Department of Women’s Cancer Proteomics laboratory.
4.3. Method of Mean Trends (MMT) Algorithms Incorporating CA125, HE4, CA72-4 and AntiTP53 Autoantibody
The MMT that evaluates the dynamics of longitudinal CA125 measurements has been described
previously [16].
In brief, the serial pattern of a particular biomarker Yi,j , j = 1 . . . T of each woman “i” was mapped
into a five-variable space. The new variables included the mean derivative weighted to the most recent
measurement, the mean area under the time series (1), the coefficient of variation (2), the “centre of
mass” of the time series (3) and the most recent measurement.




T−1 Y
X

−
Y
t
−
t
i,j
+
1
i,j
i,j
+
1
i,j


(1)

/(T − 1)


2
j=1

v
t

PT 
j=1

Yi,j − Yi
T

2
(2)

/Yi

PT

j=1 Yi,j ti,j

(3)

PT

j=1 ti,j

The mean derivative was evaluated as

PT−1
j=1

wij

Yi,j+1 −Yi,j
ti,j+1 −ti,j

where weights w j were computed for

each interval between two consecutive measurements as wij =

1
.
ti,T −(ti,j+1 +ti,j )/2

Here, ti,T was the age

of the patient at the time of the most recent sample, while ti,j was age of the patient when the j-th
sample was taken.
To use this approach to incorporate multiple serial biomarkers, for each of the proteins,
the aforementioned five variables were evaluated and combined together into a logistic regression
with AIC (Akaike information criterion) used to select the predictors that explain the labels of the
patients (control = 0, case = 1) in the most optimal way.
With the MMT approach, we generated four separate models for the prediction of the risk of
ovarian cancer using the serial measurements of multiple biomarkers:
-

CA125-HE4-MMT1, where variable selection was made only over HE4 indices added to the
reported CA125-MMT model [16];
CA125-HE4-MMT2, where five indices for both CA125 and HE4 were used with further
variable selection;
CA125-HE4-CA72-4-MMT, where five indices for CA125, HE4 and CA72-4 were used with further
variable selection;
CA125-HE4-CA72-4- anti-TP53-MMT, where five indices for CA125, HE4, CA72-4 and anti-TP53
were used with further variable selection.

The performance of these models was evaluated against the original CA125-MMT approach as
well as the actual biomarkers levels.
4.4. Statistical Analysis
The cases and controls were randomly split into “training” and “validation” sets
in a 1:1 ratio. Longitudinal CA125 MMT described previously [16], and four separate
longitudinal multi-marker (CA125-HE4-MMT1, CA125-HE4-MMT2, CA125-HE4-CA72-4-MMT and
CA125-HE4-CA72-4-anti-TP53-MMT) algorithms were built using all available serial samples from the
cases and controls in the “training” set by OB. OB then applied them to the blinded “validation” set.
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Statistical analysis was undertaken by MB to ensure blinding. The performance characteristics of
the newly constructed algorithms as a first-line test were evaluated and compared with the CA125-MMT
in terms of the following: (1) sensitivity at a fixed specificity of 87.6% similar to ROCA in UKCTOCS [11];
(2) average lead time for all cases detected (the date of detection is the date when risk given by algorithm
is abnormal and for all further annual measurements it remains abnormal); (3) the area under the
receiver operating characteristic (ROC) curve (AUC). Inference for the ROC curves was based on
cluster-robust standard errors that accounted for the serially correlated nature of the samples [33].
At fixed specificity (87.6%), the performance characteristics of CA125 and HE4 cut-offs were compared
with those of the newly derived algorithm.
Only annual samples were included in this analysis. The last blood sample was considered as
true positive (if within 1 year from diagnosis) and all prior annual samples as true negatives. In the
controls, all samples were included as true negatives.
To investigate whether any of the algorithms identified invasive tubo-ovarian cancer cases earlier
than CA125-MMT, we performed lead time analysis, where the mean interval from detection to
diagnosis was compared for all algorithms. For each algorithm, the average interval was calculated in
days for only those cases that were detected as abnormal by the algorithm. Here, we assumed that an
algorithm identified a cancer case at a particular measurement if both at this and at all subsequent
measurements it classified the risk as abnormal. A further analysis explored how many of the cancers
missed by ROCA during the trial (trial-screen negative cases) would have been detected by each of
the algorithms.
5. Conclusions
In the context of screening, our study suggests that the additional value of HE4, CA72-4 and p53
autoantibodies to CA125 as a first line test in screening for ovarian cancer of postmenopausal women
from the general population is limited. Further work on the value of these markers as a reflex test
following elevated risk may show promise and strengthen the confidence in cancer diagnosis and thus
shorten the period between the screening test and surgical intervention.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/7/1931/s1,
Table S1: Details of invasive epithelial cancers diagnosed within 1 year of sample detected/missed by algorithms
in the validation set
Author Contributions: Conceptualisation, U.M., A.G.-M., O.B., A.Z., A.R., R.C.B.J.; literature search, U.M.,
A.G.-M.; support and development of CA72-4 and anti-TP53 autoantibody assays, K.L., W.-L.Y. and R.C.B.J.;
preparation of the dataset, A.G.-M., A.R.; development of the MMT algorithm, O.B., A.Z.; trial conduct, C.K., R.G.,
J.K.K., A.D., R.M., M.P., S.J.S., I.J.J.; statistical analysis and preparation of figures and tables, O.B., I.P.M., M.B., J.F.T.
All authors have read and agreed to the published version of the manuscript.
Funding: The analysis is part of PROMISE, which was funded through Cancer Research UK PRC Programme
Grant A12677 and by The Eve Appeal. University College London investigators received support from the National
Institute for Health Research University College London Hospitals Biomedical Research Centre and from MRC core
funding (MR_UU_12023). UKCTOCS was core funded by the Medical Research Council (G9901012 and G0801228),
Cancer Research UK (C1479/A2884), and the Department of Health with additional support from the Eve Appeal.
J.F.T. received support from CRUK Early Detection Committee Project Award (C12077/A26223). S.J.S. received
additional support from an NCI Early Detection Research Network grant (CA152990). R.C.B.J. was supported
by funds from the Early Detection Research Network (5 U01 CA200462-02) and the MD Anderson Ovarian
SPOREs (P50 CA83639 and P50 CA217685), National Cancer Institute, Department of Health and Human Services,
the Cancer Prevention Research Institute of Texas (RP101382 and RP160145), Golfer’s Against Cancer, the Mossy
Foundation, the Roberson Endowment, National Foundation for Cancer Research, The K Yao Foundation, UT MD
Anderson Women’s Moon Shot and generous donations from Stuart and Gaye Lynn Zarrow. A.Z. acknowledges
support by MRC grant MR/R02524X/1 and the grant of the Ministry of Education and Science of the Russian
Federation Agreement No. 074-02-2018-330.
Acknowledgments: We are particularly grateful to the women throughout the UK who have participated in the
trial. We thank all the staff involved in the trial for their hard work and dedication. We thank the Data Monitoring
and Ethics Committee and the independent Trial Steering Committee members.
Conflicts of Interest: U.M. has stock ownership and has received research funding from Abcodia. I.J.J. reports
personal fees from and stock ownership in Abcodia as the non-executive director and consultant. He reports

Cancers 2020, 12, 1931

10 of 12

personal fees from Women’s Health Specialists as the director. He has a patent for the Risk of Ovarian Cancer
algorithm and an institutional license to Abcodia with royalty agreement. He is a trustee (2012–14) and Emeritus
Trustee (2015 to present) for The Eve Appeal. S.J.S. is a member of Scientific Advisory Boards for the LUNGevity
Foundation and SISCAPA Assay Technologies. He is a consultant to Abcodia. Massachusetts General Hospital
has co-licensed software for the Risk of Ovarian Cancer algorithm to Abcodia. All other authors declare no
competing interests.

References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

CRUK. Ten Most Common Causes of Cancer Death in Females. Available online:
https:
//www.cancerresearchuk.org/health-professional/cancer-statistics/mortality/common-cancers-compared#
heading-Two (accessed on 8 January 2019).
van Nagell, J.R., Jr.; Miller, R.W.; DeSimone, C.P.; Ueland, F.R.; Podzielinski, I.; Goodrich, S.T.; Elder, J.W.;
Huang, B.; Kryscio, R.J.; Pavlik, E.J. Long-term survival of women with epithelial ovarian cancer detected by
ultrasonographic screening. Obs. Gynecol 2011, 118, 1212–1221. [CrossRef] [PubMed]
Buys, S.S.; Partridge, E.; Black, A.; Johnson, C.C.; Lamerato, L.; Isaacs, C.; Reding, D.J.; Greenlee, R.T.;
Yokochi, L.A.; Kessel, B.; et al. Effect of screening on ovarian cancer mortality: The Prostate, Lung, Colorectal
and Ovarian (PLCO) Cancer Screening Randomized Controlled Trial. JAMA J. Am. Med. Assoc. 2011, 305,
2295–2303. [CrossRef] [PubMed]
Kobayashi, H.; Yamada, Y.; Sado, T.; Sakata, M.; Yoshida, S.; Kawaguchi, R.; Kanayama, S.; Shigetomi, H.;
Haruta, S.; Tsuji, Y.; et al. A randomized study of screening for ovarian cancer: A multicenter study in Japan.
Int. J. Gynecol. Cancer Off. J. Int. Gynecol. Cancer Soc. 2008, 18, 414–420. [CrossRef]
Jacobs, I.J.; Menon, U.; Ryan, A.; Gentry-Maharaj, A.; Burnell, M.; Kalsi, J.K.; Amso, N.N.; Apostolidou, S.;
Benjamin, E.; Cruickshank, D.; et al. Ovarian cancer screening and mortality in the UK Collaborative Trial
of Ovarian Cancer Screening (UKCTOCS): A randomised controlled trial. Lancet (Lond. Engl.) 2016, 387,
945–956. [CrossRef]
CRUK. Ovarian Cancer Survival by Stage at Diagnosis. Available online: http://www.cancerresearchuk.
org/health-professional/cancer-statistics/statistics-by-cancer-type/ovarian-cancer/survival#heading-Three
(accessed on 12 December 2018).
Lu, K.H.; Skates, S.; Hernandez, M.A.; Bedi, D.; Bevers, T.; Leeds, L.; Moore, R.; Granai, C.; Harris, S.;
Newland, W.; et al. A 2-stage ovarian cancer screening strategy using the Risk of Ovarian Cancer Algorithm
(ROCA) identifies early-stage incident cancers and demonstrates high positive predictive value. Cancer 2013,
119, 3454–3461. [CrossRef] [PubMed]
Menon, U.; Skates, S.J.; Lewis, S.; Rosenthal, A.N.; Rufford, B.; Sibley, K.; Macdonald, N.; Dawnay, A.;
Jeyarajah, A.; Bast, R.C., Jr.; et al. Prospective study using the risk of ovarian cancer algorithm to screen for
ovarian cancer. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2005, 23, 7919–7926. [CrossRef] [PubMed]
Skates, S.J.; Horick, N.; Yu, Y.; Xu, F.J.; Berchuck, A.; Havrilesky, L.J.; de Bruijn, H.W.; van der Zee, A.G.;
Woolas, R.P.; Jacobs, I.J.; et al. Preoperative sensitivity and specificity for early-stage ovarian cancer when
combining cancer antigen CA-125II, CA 15-3, CA 72-4, and macrophage colony-stimulating factor using
mixtures of multivariate normal distributions. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2004, 22, 4059–4066.
[CrossRef]
Skates, S.J.; Pauler, D.K.; Jacobs, I.J. Screening Based on the Risk of Cancer Calculation From Bayesian
Hierarchical Changepoint and Mixture Models of Longitudinal Markers. J. Am. Stat. Assoc. 2001, 96, 429–439.
[CrossRef]
Menon, U.; Ryan, A.; Kalsi, J.; Gentry-Maharaj, A.; Dawnay, A.; Habib, M.; Apostolidou, S.; Singh, N.;
Benjamin, E.; Burnell, M.; et al. Risk Algorithm Using Serial Biomarker Measurements Doubles the Number
of Screen-Detected Cancers Compared With a Single-Threshold Rule in the United Kingdom Collaborative
Trial of Ovarian Cancer Screening. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2015, 33, 2062–2071. [CrossRef]
Drescher, C.W.; Shah, C.; Thorpe, J.; O’Briant, K.; Anderson, G.L.; Berg, C.D.; Urban, N.; McIntosh, M.W.
Longitudinal screening algorithm that incorporates change over time in CA125 levels identifies ovarian
cancer earlier than a single-threshold rule. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2013, 31, 387–392.
[CrossRef]
McIntosh, M.W.; Urban, N. A parametric empirical Bayes method for cancer screening using longitudinal
observations of a biomarker. Biostatistics 2003, 4, 27–40. [CrossRef]

Cancers 2020, 12, 1931

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

11 of 12

Whitwell, H.J.; Blyuss, O.; Menon, U.; Timms, J.F.; Zaikin, A. Parenclitic networks for predicting ovarian
cancer. Oncotarget 2018, 9, 22717–22726. [CrossRef] [PubMed]
Vázquez, M.A.; Mariño, I.P.; Blyuss, O.; Ryan, A.; Gentry-Maharaj, A.; Kalsi, J.; Manchanda, R.; Jacobs, I.;
Menon, U.; Zaikin, A. A quantitative performance study of two automatic methods for the diagnosis of
ovarian cancer. Biomed. Signal Process. Control 2018, 46, 86–93. [CrossRef] [PubMed]
Blyuss, O.; Burnell, M.; Ryan, A.; Gentry-Maharaj, A.; Marino, I.P.; Kalsi, J.; Manchanda, R.; Timms, J.F.;
Parmar, M.; Skates, S.J.; et al. Comparison of Longitudinal CA125 Algorithms as a First-Line Screen for
Ovarian Cancer in the General Population. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2018, 24, 4726–4733.
[CrossRef]
Whitwell, H.J.; Worthington, J.; Blyuss, O.; Gentry-Maharaj, A.; Ryan, A.; Gunu, R.; Kalsi, J.; Menon, U.;
Jacobs, I.; Zaikin, A.; et al. Improved early detection of ovarian cancer using longitudinal multimarker
models. Br. J. Cancer 2020, 122, 847–856. [CrossRef] [PubMed]
Simmons, A.R.; Fourkala, E.O.; Gentry-Maharaj, A.; Ryan, A.; Sutton, M.N.; Baggerly, K.; Zheng, H.; Lu, K.H.;
Jacobs, I.; Skates, S.; et al. Complementary Longitudinal Serum Biomarkers to CA125 for Early Detection of
Ovarian Cancer. Cancer Prev. Res. 2019, 12, 391–400. [CrossRef] [PubMed]
Yang, W.L.; Gentry-Maharaj, A.; Simmons, A.; Ryan, A.; Fourkala, E.O.; Lu, Z.; Baggerly, K.A.; Zhao, Y.;
Lu, K.H.; Bowtell, D.; et al. Elevation of TP53 Autoantibody Before CA125 in Preclinical Invasive Epithelial
Ovarian Cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2017, 23, 5912–5922. [CrossRef]
Cramer, D.W.; Bast, R.C., Jr.; Berg, C.D.; Diamandis, E.P.; Godwin, A.K.; Hartge, P.; Lokshin, A.E.; Lu, K.H.;
McIntosh, M.W.; Mor, G.; et al. Ovarian cancer biomarker performance in prostate, lung, colorectal,
and ovarian cancer screening trial specimens. Cancer Prev. Res. 2011, 4, 365–374. [CrossRef]
Anderson, G.L.; McIntosh, M.; Wu, L.; Barnett, M.; Goodman, G.; Thorpe, J.D.; Bergan, L.; Thornquist, M.D.;
Scholler, N.; Kim, N.; et al. Assessing lead time of selected ovarian cancer biomarkers: A nested case-control
study. J. Natl. Cancer Inst. 2010, 102, 26–38. [CrossRef]
Russell, M.R.; Graham, C.; D’Amato, A.; Gentry-Maharaj, A.; Ryan, A.; Kalsi, J.K.; Ainley, C.; Whetton, A.D.;
Menon, U.; Jacobs, I.; et al. A combined biomarker panel shows improved sensitivity for the early detection
of ovarian cancer allowing the identification of the most aggressive type II tumours. Br. J. Cancer 2017, 117,
666–674. [CrossRef]
Pepe, M.S.; Feng, Z.; Janes, H.; Bossuyt, P.M.; Potter, J.D. Pivotal evaluation of the accuracy of a biomarker
used for classification or prediction: Standards for study design. J. Natl. Cancer Inst. 2008, 100, 1432–1438.
[CrossRef]
Kurman, R.J.; Carcangiu, M.L.; Herrington, S.; Young, R.H. WHO Classification of Tumours of Female Reproductive
Organs (IARC WHO Classification of Tumours), 4th ed.; IARC: Lyon, France, 2014; Volume 6.
Simmons, A.; Fourkala, E.O.; Gentry-Maharaj, A.; Ryan, A.; Baggerly, K.A.; Zheng, H.; Lu, K.H.; Jacobs, I.;
Skates, S.J.; Menon, U.; et al. Validation of longitudinal performance of a multi-marker panel for the early
detection of ovarian cancer. Cancer Prev. Res. 2019, in press.
Mariño, I.P.; Blyuss, O.; Ryan, A.; Gentry-Maharaj, A.; Timms, J.F.; Dawnay, A.; Kalsi, J.; Jacobs, I.; Menon, U.;
Zaikin, A. Change-point of multiple biomarkers in women with ovarian cancer. Biomed. Signal Process. Control
2017, 33, 169–177. [CrossRef]
Thiha, A.; Ibrahim, F. A Colorimetric Enzyme-Linked Immunosorbent Assay (ELISA) Detection Platform
for a Point-of-Care Dengue Detection System on a Lab-on-Compact-Disc. Sensors 2015, 15, 11431–11441.
[CrossRef] [PubMed]
Moore, R.G.; Miller, M.C.; Eklund, E.E.; Lu, K.H.; Bast, R.C., Jr.; Lambert-Messerlian, G. Serum levels of the
ovarian cancer biomarker HE4 are decreased in pregnancy and increase with age. Am. J. Obstet. Gynecol.
2012, 206, 349.e1–349.e7. [CrossRef]
Menon, U.; Gentry-Maharaj, A.; Hallett, R.; Ryan, A.; Burnell, M.; Sharma, A.; Lewis, S.; Davies, S.; Philpott, S.;
Lopes, A.; et al. Sensitivity and specificity of multimodal and ultrasound screening for ovarian cancer,
and stage distribution of detected cancers: Results of the prevalence screen of the UK Collaborative Trial of
Ovarian Cancer Screening (UKCTOCS). Lancet Oncol. 2009, 10, 327–340. [CrossRef]
Menon, U.; Gentry-Maharaj, A.; Ryan, A.; Sharma, A.; Burnell, M.; Hallett, R.; Lewis, S.; Lopez, A.; Godfrey, K.;
Oram, D.; et al. Recruitment to multicentre trials–lessons from UKCTOCS: Descriptive study. BMJ 2008,
337, a2079. [CrossRef] [PubMed]

Cancers 2020, 12, 1931

31.

32.
33.

12 of 12

Blyuss, O.; Gentry-Maharaj, A.; Fourkala, E.-O.; Ryan, A.; Zaikin, A.; Menon, U.; Jacobs, I.; Timms, J.F. Serial
Patterns of Ovarian Cancer Biomarkers in a Prediagnosis Longitudinal Dataset. BioMed Res. Int. 2015,
2015, 681416. [CrossRef] [PubMed]
Kurman, R.J.; Shih Ie, M. The origin and pathogenesis of epithelial ovarian cancer: A proposed unifying
theory. Am. J. Surg. Pathol. 2010, 34, 433–443. [CrossRef] [PubMed]
Rogers, W. Regression standard errors in clustered samples. Stata Tech. Bull. 1993, 13, 19–23.
© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

