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Purpose: This study aimed to evaluate the performance of the first-trimester Fetal Medicine Foundation (FMF) algorithm in 
predicting monosomy X and compare it with a Thai NT-based model using nuchal translucency (NT) alone or combined with 
maternal serum markers.
Patients and Methods: This retrospective study analyzed 6,860 singleton pregnancies screened at 11–13+6 weeks. Monosomy 
X risk was estimated based on the trisomy 21 risk calculated by the FMF algorithm and Thai logistic regression models based on NT 
alone, NT with pregnancy-associated plasma protein A (PAPP-A), and NT with PAPP-A and beta-human chorionic gonadotropin (β- 
hCG).
Results: Thirty cases of monosomy X were identified (0.4%), all of which were confirmed prenatally by invasive diagnostic 
procedures, including amniocentesis, chorionic villus sampling, or cordocentesis. The Thai model using NT and PAPP-A had the 
highest area under the receiver operating characteristic curve (AUC) of 0.953, with a sensitivity of 86.7% and a specificity of 94.1%. 
NT alone also showed strong performance (sensitivity 83.3%, specificity 94.4%). The FMF algorithm achieved the highest specificity 
(97.9%) but lower sensitivity (53.3%). Adding β-hCG did not improve performance.
Conclusion: NT alone or combined with PAPP-A outperformed the FMF algorithm for monosomy X screening, with NT alone being 
particularly useful in settings without biochemical testing. The FMF algorithm, while primarily designed for trisomy 21 risk 
estimation, can also provide monosomy X risk within the same report at no additional cost, which is especially valuable in resource- 
limited settings where biochemical testing or NIPT is not widely accessible.
Keywords: Turner syndrome, first trimester screening, nuchal translucency, PAPP-A, FMF algorithm

Introduction
Monosomy X, or Turner syndrome, is one of the most common sex chromosome abnormalities.1 Although prenatal 
diagnosis is possible in current practice, many cases remain undetected until later in life. Some affected fetuses may 
present with sonographic findings such as increased nuchal translucency (NT), hydrops fetalis, cystic hygroma, or other 
congenital anomalies.2 Early detection enables timely genetic counseling, prenatal diagnosis, and informed decision- 
making.3 In cases of severe anomalies, families may opt for pregnancy termination; if the pregnancy continues, prenatal 
diagnosis facilitates coordinated perinatal care and psychosocial support.4

First trimester screening for monosomy X typically relies on NT measurement, which is often more pronounced than 
in trisomy 21.5 Maternal serum markers—such as pregnancy-associated plasma protein-A (PAPP-A) and free β-human 
chorionic gonadotropin (β-hCG)—may enhance detection, although PAPP-A is generally reduced and β-hCG levels are 
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variable, limiting their diagnostic value.6,7 Non-invasive prenatal testing (NIPT), which analyzes cell-free fetal DNA, 
provides high accuracy for detecting common aneuploidies, including monosomy X.8,9 However, its performance for 
monosomy X is inferior to that for trisomy 21, partly due to maternal X chromosome mosaicism and confined placental 
mosaicism. Additionally, the high cost of NIPT limits its accessibility in many low-resource settings.8,10

In practice, ultrasound remains the primary screening modality for monosomy X in prenatal care, with NT as the key 
marker.11 Although NT alone can aid in identifying affected fetuses, it is also incorporated into multivariable risk 
algorithms—such as the Fetal Medicine Foundation (FMF) algorithm—which integrate maternal characteristics, NT, fetal 
heart rate (FHR), and optionally serum biochemistry to assess the risk of common chromosomal abnormalities.12,13 The 
FMF algorithm is widely accessible and can function with or without biochemical input, making it particularly suitable 
for resource-limited settings, as previously published by our research group in a study on trisomy screening in a Thai 
cohort.14,15 However, it was originally designed to estimate trisomy 21 risk and not specifically for monosomy X. While 
it could theoretically predict monosomy X, its performance for this indication has not been evaluated. Accordingly, we 
conducted this study to assess the performance of the first trimester FMF algorithm, which estimates trisomy 21 risk, in 
predicting monosomy X in Thai pregnancies at 11–13+6 weeks of gestation and to compare its performance with that of 
a newly developed Thai model using NT alone or in combination with first trimester serum markers.

Materials and Methods
This diagnostic study, conducted as a secondary analysis of an existing dataset, focused on pregnant women between 11 
and 13+6 weeks of gestation who underwent first trimester aneuploidy screening at Maharaj Nakorn Chiang Mai Hospital, 
Chiang Mai, Thailand, between January 2010 and December 2023. The study received ethical approval from the 
Institutional Review Board of the Faculty of Medicine, Chiang Mai University (Research ID: OBG-2568-0182, approval 
date: 4 April 2025). The need for individual patient consent was waived because the study was a retrospective analysis of 
an existing anonymized database. All data were handled confidentially and in accordance with the Declaration of 
Helsinki.

Database Development
The database was developed as part of the project titled “Down Syndrome Screening of the National Research University 
of Thailand” by the Maternal-Fetal Medicine Team, Department of Obstetrics and Gynecology, Faculty of Medicine, 
Chiang Mai University. Pregnant women attending the antenatal care clinic during their first trimester were invited to 
participate. Upon recruitment, they received genetic counseling, were offered first trimester aneuploidy screening, and 
provided written informed consent. All participants underwent first trimester aneuploidy screening through ultrasound 
examination and/or a combination of maternal serum biochemical markers, including PAPP-A and free β-hCG. 
Participants were also asked to provide detailed information on maternal characteristics (eg, age, body weight, ethnicity, 
smoking history, family medical history, pre-existing medical conditions, particularly diabetes) and obstetric history (eg, 
menstrual history, parity, gestational age at screening, and history of a previous child with aneuploidy). The collected 
demographic data, serum biochemical marker results, and ultrasound parameters—including crown-rump length (CRL), 
NT, and FHR—were prospectively recorded in the database. All participants were followed up to document final 
pregnancy outcomes, which were evaluated by obstetricians, while neonatal outcomes were assessed by the project’s 
pediatric team. The diagnosis of aneuploidies was confirmed through cytogenetic analysis of samples obtained via 
chorionic villus sampling, amniocentesis, cordocentesis, or postnatal investigation. For cases where chromosomal studies 
were not performed, the absence of aneuploidies was determined by neonatologists or pediatricians based on clinical 
characteristics.

Data Retrieval
Records from the database were accessed based on the following inclusion criteria: (1) singleton pregnancies, (2) 
gestational age between 11 weeks and 13+6 weeks as determined by CRL measurement at the time of recruitment, and 
(3) known fetal aneuploidy status. Pregnancies with congenital anomalies, chromosomal abnormalities other than 
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monosomy X, medically indicated terminations before 24 weeks, or those without first-trimester NT measurement and 
biochemical screening (PAPP-A and β-hCG) were excluded.

Monosomy X Risk Determination
From the retrieved dataset, variables required for input into the FMF algorithm were validated by the first author (FT). 
These variables included maternal characteristics (date of birth and history of trisomy in a previous child), ultrasound 
findings (CRL, NT, and FHR) and biochemical markers (PAPP-A and β-hCG). Once validated, the data were extracted and 
provided to the authors (NK and CK), who were blinded to the final diagnosis. Individual risks for trisomy 21 were 
calculated using the FMF algorithm via its online platform, accessible at https://fetalmedicine.org/research/assess/ triso
mies. These calculated risk estimates were repurposed as monosomy X risk values and incorporated into the main dataset 
for subsequent analysis. Monosomy X risk was then categorized into two groups: low risk (<1:250) and high risk (>1:250). 
Pregnancy outcomes, including fetal or neonatal karyotyping results, gestational age at delivery, birth weight, and any 
complications, were documented. Neonatal outcomes were classified as either normal or affected by monosomy X.

Development of the Thai Predictive Model
To develop the Thai predictive model, three binary logistic regression models were constructed: the first using NT alone; 
the second combining NT with PAPP-A (MoM); and the third incorporating NT, PAPP-A (MoM), and β-hCG (MoM). 
Each model was expressed as a logistic regression equation and used to generate the logit values for each case. The 
predicted probability of monosomy X for each model was then calculated using the inverse logit transformation of the 
linear predictor (lp), as follows: probability = elp/(1 + elp), where e is the base of the natural logarithm.

Statistical Analysis
Data were analyzed using Stata version 16 (StataCorp, College Station, TX, USA). Categorical variables were summar
ized as frequencies and percentages, while continuous variables were presented as mean and standard deviation or 
median with interquartile range, depending on data distribution. Group differences in categorical variables were assessed 
using an exact probability test. For continuous variables, comparisons were made using either an independent t-test or the 
Mann–Whitney U-test, as appropriate. The performance of each prediction model was evaluated separately. 
Discriminative ability was assessed using the area under the receiver operating characteristic (ROC) curve (AUC), 
which served as the primary metric for model performance. Differences in AUCs were tested for statistical significance 
using the paired-sample design method proposed by DeLong et al,16 with a p-value of < 0.05 considered statistically 
significant. If no statistically significant differences were found, the simpler or less complex model was preferred. 
Calibration plots were constructed to assess the agreement between predicted probabilities of monosomy X and observed 
proportions. Diagnostic performance was further assessed by calculating sensitivity, specificity, positive predictive values 
(PPV), negative predictive values (NPV), and positive likelihood ratio (LR+) for each model, using a risk threshold of 
1:250 to compare the FMF algorithm with the newly developed prediction models.

Results
A total of 9,612 participants were enrolled in the study. As illustrated in Figure 1, 2,752 (28.6%) were excluded due to 
the absence of serum biochemical marker results (95.0%), missing outcomes or incomplete data (3.2%), and the presence 
of common trisomies or other chromosomal aberrations (1.8%). The excluded chromosomal abnormalities included 
trisomy 21 (28 cases), trisomy 18 (9 cases), trisomy 13 (9 cases), 46,XY del(1)(q11), 46,X,inv(Y)pat, and 45,X/46,XY 
mosaicism. The remaining 6,860 participants were included in the analysis and classified as either normal or affected by 
monosomy X. The incidence of monosomy X in the study population was 30 cases (0.44%). All cases were confirmed 
prenatally by invasive diagnostic procedures, including chorionic villus sampling (25 cases), amniocentesis (3 cases), and 
cordocentesis (2 cases). A comparative analysis between pregnancies with normal chromosomes and those affected by 
monosomy X revealed no statistically significant differences in maternal age, gestational age at the time of screening, or 
FHR. However, NT measurements were significantly higher in the monosomy X group compared to the normal group, 
both in mean values (4.44 ± 2.85 vs 1.04 ± 0.41 MoM, p < 0.001) and median values (4.12 vs 1.00 MoM, p < 0.001). 
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Additionally, PAPP-A levels were significantly lower in the monosomy X group. In contrast, β-hCG levels did not differ 
significantly between groups, suggesting limited utility of this marker alone for detecting monosomy X. Additional 
baseline characteristics are presented in Table 1.

Figure 1 Flowchart of participant enrollment.

Table 1 Baseline Characteristics of Participants in the Study Cohort

Variable Normal 
(n = 6,830)

Monosomy X 
(n = 30)

P-value

Maternal age, year; mean+SD 29.8+4.9 30.6+5.5 0.342

Maternal age >35-year, n (%) 1,228 (18.0%) 6 (20.0%) 0.774

Maternal body weight, kg; mean+SD 55.6+10.7 59.3+15.4 0.061

GA at screening, week; mean+SD 12.2+0.8 12.2+1.0 0.879

CRL, mm; mean+SD 60.9+11.1 62.1+15.4 0.551

FHR, bpm; median (IQR) 162.0 (159–166) 161.5 (159–163) 0.295

NT, MoM; median (IQR) 1.00 (0.83–1.19) 4.12 (2.17–6.42) <0.001

PAPP-A, MoM; median (IQR) 0.96 (0.67–1.36) 0.63 (0.40–0.91) <0.001

β-hCG, MoM; median (IQR) 0.92 (0.62–1.41) 1.05 (0.69–1.56) 0.435

Risk >1:250 by FMF algorithm, n (%) 131 (2.1%) 16 (53.3%) <0.001

Risk >1:250 by NT alone, n (%) 382 (5.6%) 25 (83.3%) <0.001

Risk >1:250 by NT+PAPP-A, n (%) 402 (5.9%) 26 (86.7%) <0.001

Risk >1:250 by NT+PAPP-A+β-hCG, n (%) 650 (9.5%) 25 (83.3%) <0.001

Abbreviations: β-hCG, beta-human chorionic gonadotropin; CRL, crown rump length; FHR, fetal heart rate; FMF, 
fetal medicine foundation; GA, gestational age; MoM, multiple of median; NT, nuchal translucency; PAPP-A, 
pregnancy-associated plasma protein-A.
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Risk assessment using the FMF algorithm, the Thai NT alone model, the NT + PAPP-A model, and the NT + PAPP-A 
+ β-hCG model identified significantly higher proportions of high-risk cases (defined as risk > 1:250) among pregnancies 
affected by monosomy X, with detection rates of 53.3%, 83.3%, 86.7%, and 83.3%, respectively. The discriminative 
performance of different screening models was evaluated by ROC curve analyses as shown in Table 2 and Figure 2. The 
FMF algorithm demonstrated a significantly lower AUC compared to the NT alone model (AUC: 0.856; 95% CI: 
0.779–0.933 vs 0.916; 95% CI: 0.834–0.997; p = 0.026). The NT + PAPP-A model increased the AUC to 0.953 (95% CI: 
0.910–0.995), while the NT + PAPP-A + β-hCG model yielded an AUC of 0.950 (95% CI: 0.905–0.995); however, 
neither addition resulted in a statistically significant improvement compared to the NT alone model.

A Thai predictive model was developed to estimate the probability of monosomy X in individual cases. The best- 
performing model, which included NT (MoM), PAPP-A (MoM), and a constant, is presented in Table 3. Equations of the 
three Thai predictive models are as follows:

● NT alone: log (XO) = −0.0576466 + 0.0586722 x (NT: MoM)
● NT+PAPP-A: log (XO) = −6.672417 + 1.295944 x (NT: MoM) −1.625955 x (PAPP-A: MoM)
● NT+PAPP-A+ β-hCG: log (XO) = −0.0545971 + 0.0585529 x (NT: MoM) −0.0050431 x (PAPP-A: MoM) + 

0.0022343 x (β-hCG: MoM)

As summarized in Table 4, the NT alone model demonstrated high sensitivity (83.3%) and specificity (94.4%), with 
a strong positive likelihood ratio (14.9) and an excellent NPV (99.9%). The NT + PAPP-A model slightly improved 
sensitivity to 86.7%, with a marginal reduction in specificity (94.1%) and maintained a high NPV (99.9%). The NT + 
PAPP-A + β-hCG model did not improve overall detection, showing reduced specificity (90.5%) and PPV (3.7%), 
indicating a higher false-positive rate, although the NPV remained high at 99.8%. The FMF algorithm yielded the highest 
specificity (97.9%) and PPV (10.9%) but substantially lower sensitivity (53.3%), limiting its effectiveness. Overall, NT- 
based models, particularly when combined with PAPP-A, served as the most effective model for early detection of 
monosomy X. Figure 3 shows the calibration plot, demonstrating the calibration plot with excellent agreement between 

Table 2 Comparison of Areas Under the Roc Curves 
(AUCs) Between Various Models in Predicting Monosomy 
X in the First Trimester

Models AUC (95% CI)

NT alone 0.916 (0.834–0.997)

NT + PAPP-A 0.953 (0.910–0.995)

NT + PAPP-A + β-hCG 0.950 (0.905–0.995)

FMF algorithm 0.856 (0.779–0.933)

Pairwise comparison test* P-value

NT vs NT + PAPP-A 0.273

NT vs NT + PAPP-A + β-hCG 0.473

NT + PAPP-A vs NT + PAPP-A + β-hCG 0.696

NT vs FMF algorithm 0.026

NT + PAPP-A vs FMF algorithm 0.004

NT + PAPP-A + β-hCG vs FMF algorithm 0.010

Notes: *Comparisons for differences in AUCs, using the method proposed by 
DeLong et al.16 

Abbreviations: β-hCG, beta-human chorionic gonadotropin; FMF, fetal med
icine foundation; NT, nuchal translucency; PAPP-A, pregnancy-associated 
plasma protein-A.
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predicted and observed probabilities, with an observed-to-expected ratio of 1.000, calibration-in-the-large of 0.000, and 
a calibration slope of 1.000. The model showed excellent discrimination, with an AUC of 0.953, indicating strong 
predictive performance.

Figure 2 Receiver operating characteristic (ROC) curves comparing the discriminative performance of the FMF algorithm, the NT alone model, the NT + PAPP-A model, 
and the NT + PAPP-A + β-hCG model in predicting monosomy X. The area under the curve (AUC) values were 0.856, 0.916, 0.953, and 0.950, respectively.

Table 3 Multivariable Logistic Regression Analysis for the Best First 
Trimester Predictive Model of Monosomy X Using NT and PAPP-A (MoM)

Odds Ratio SE z P-value 95% CI

NT (MoM) 3.654 0.471 10.04 < 0.001 2.837–4.706

PAPP-A (MoM) 0.197 0.127 −2.52 0.012 0.055–0.698

Constant 0.00127 0.0008 −10.55 < 0.001 0.00037–0.00437

Abbreviations: NT, nuchal translucency; MoM, multiple of median; PAPP-A, pregnancy-associated 
plasma protein-A; SE, standard error.

Table 4 Diagnostic Performance of First Trimester Screening Models for Monosomy X Using a Risk 
Cut-off of 1:250

Performance Predictive Models

NT Alone NT+PAPP-A NT+PAPP-A+ β-hCG FMF

Sensitivity, % (95% CI) 83.3 (65.3–94.4) 86.7(69.3–96.2) 83.3 (65.3–94.4) 53.3 (34.3–71.7)

Specificity, % (95% CI) 94.4(93.8–94.9) 94.1(93.5–94.7) 90.5(89.8–91.2) 97.9 (97.5–98.2)

LR+, (95% CI) 14.9(12.4–18.0) 14.7(12.4–17.4) 8.8 (7.3–10.4) 24.9 (17.1–36.2)

PPV, % (95% CI) 6.1(4.0–8.9) 6.1(4.0–8.8) 3.7 (2.4–5.4) 10.9 (6.4–17.1)

NPV, % (95% CI) 99.9 (99.8–100.0) 99.9 (99.8–100.0) 99.8 (99.8–100.0) 99.8 (99.6–99.9)

Abbreviations: β-hCG, beta-human chorionic gonadotropin; FMF, fetal medicine foundation; LR+, positive likelihood ratio; NPV, 
negative predictive value; NT, nuchal translucency; PAPP-A, pregnancy-associated plasma protein-A; PPV, positive predictive value.
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Discussion
The key insights from this study are: 1) The trisomy 21 risk calculated by the FMF algorithm can also predict monosomy 
X with high specificity but low sensitivity. 2) A newly developed model incorporating NT and PAPP-A significantly 
improves detection, increasing sensitivity from 53.3% to 86.7%. 3) NT alone has strong predictive value, with PAPP-A 
further enhancing performance, while β-hCG adds no value—consistent with previous reports of its limitation in 
predicting fetal monosomy X.7,17 These findings suggest that, beyond estimating trisomy 21, 18, and 13 risks, the 
FMF algorithm could provide greater value by directly reporting monosomy X risk rather than inferring it from trisomy 
21 risk estimates.

NT alone also showed strong performance, with high sensitivity, specificity, and NPV, supporting its utility as 
a standalone marker in resource-limited settings. Previous studies consistently report increased NT thickness in 
monosomy X, even without structural anomalies or hydrops.2,5,11 NT measurement is widely available and routinely 
recommended during first trimester scans,18 offering practical use without requiring laboratory or blood testing. 
However, its accuracy is highly operator-dependent and susceptible to technical variability, especially in settings with 
limited ultrasound expertise.19 Even with semi-automated tools in modern ultrasound systems, NT assessment remains 
operator-dependent—particularly among less experienced practitioners—underscoring the importance of standardized 
training and adherence to measurement protocols.20 Although NT enlargement is a common feature in monosomy X, it is 
not unique to the condition and may also be seen in other chromosomal or structural anomalies, thereby limiting its 
diagnostic specificity.21,22 Nonetheless, when performed in experienced hands and controlled settings, NT remains 
a valuable screening tool and a key component of first trimester assessment for sex chromosome abnormalities.

The inclusion of PAPP-A significantly improved the detection of monosomy X, highlighting its value as 
a biochemical marker. In this study, PAPP-A showed a strong inverse association with monosomy X risk, consistent 
with previous reports of reduced maternal serum PAPP-A levels in affected pregnancies (mean 0.49 MoM).6 This 
reduction may reflect impaired placental development and altered trophoblastic protein production. However, population 
and gestational age-related variability may limit its specificity when used alone. Thus, PAPP-A is better suited as 
a supportive marker that enhances sensitivity when combined with NT, rather than as a standalone tool. While the use of 
first trimester biochemical markers has declined in some settings due to the growing adoption of NIPT,23,24 such testing 

Figure 3 Calibration plot of the predictive model for monosomy X detection using nuchal translucency (NT) and pregnancy associated plasma protein A (PAPP-A).
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remains clinically relevant—particularly when integrated with combined screening protocols for conditions like 
preeclampsia.25

The FMF algorithm has been extensively validated and widely adopted for first trimester screening of common 
trisomies, particularly trisomy 21.26,27 A key advantage is its ability to function without biochemical markers, relying 
solely on maternal characteristics and ultrasound parameters such as NT, CRL, and FHR. This makes it suitable for 
resource-limited settings or where serum screening is unavailable. The algorithm is also freely accessible online, 
allowing standardized risk assessment across clinical sites. A recent study in a Southeast Asian population showed 
that the non-biochemical FMF model provided high accuracy for trisomy 21 screening in the first trimester, supporting its 
practical use across diverse settings.14 However, in this study, although the FMF algorithm showed the highest specificity 
and positive predictive value for monosomy X, its sensitivity was markedly lower, resulting in a higher false-negative 
rate. This likely reflects its original design for autosomal trisomies, where the distribution of screening markers differs 
from that of sex chromosome aneuploidies. This study strongly suggests that modifying the FMF algorithm to directly 
calculate the specific risk of monosomy X could enhance its overall utility.

Despite advances in prenatal screening, routine screening for sex chromosome aneuploidies, including monosomy X, 
is not universally recommended. ACOG and ISPD advise selective offering with appropriate counseling due to 
limitations in test accuracy and interpretation challenges.23,24 Nonetheless, early identification of monosomy 
X provides important clinical benefits, including timely counseling, diagnostic confirmation, and informed decision- 
making.3 In severe cases such as fetal hydrops or cystic hygroma, early diagnosis supports prognosis and pregnancy 
management, while in continuing pregnancies, it enables delivery planning, referral to specialized care, and psychosocial 
support.4 These benefits underscore the importance of improving access to reliable screening tools, particularly in low- 
resource settings where NIPT may be unavailable. Although NIPT provides high sensitivity for common aneuploidies, its 
positive predictive value for monosomy X remains relatively low due to biological factors such as confined placental 
mosaicism and maternal X-chromosome mosaicism. Therefore, NT-based screening continues to serve as a practical and 
complementary approach, offering cost-effective and accessible risk assessment that can be integrated into routine 
prenatal care across diverse clinical settings.

The strengths of this study are as follows: It represents the cohorts to evaluate monosomy X screening using both the 
FMF algorithm and population-specific predictive models. The retrospective review of a prospective database and 
blinded risk assessment strengthen the methodological rigor. However, limitations include the relatively low number 
of monosomy X cases, which may compromise the positive and negative predictive values despite excellent sensitivity 
and specificity. Additionally, the single-center design may limit generalizability. External validation through multicenter, 
prospective studies or in other ethnic populations should be encouraged.

Conclusions
NT-based screening models, particularly when combined with PAPP-A, possibly demonstrate superior performance in 
detecting monosomy X compared with the FMF algorithm, although this finding is based on a limited sample size and 
requires external validation. These models offer a practical, accessible, and cost-effective option for early risk assess
ment, especially in settings with limited access to NIPT or biochemical testing. Although the FMF algorithm provided 
high specificity, its lower sensitivity limits its utility for monosomy X screening. The findings underscore the importance 
of condition-specific models and support the integration of simplified approaches into routine prenatal care to improve 
early detection of sex chromosome aneuploidies. We should take advantage of first trimester screening for fetal trisomies 
by also calculating and reporting the risk of monosomy X. This can be accomplished within the same routine testing 
without additional cost or effort while significantly enhancing the utility of first trimester screening by expanding its 
scope from trisomies to include monosomy X. Further multicenter studies with larger sample sizes are warranted to 
validate and generalize these findings across diverse populations. Integration of this simplified screening approach into 
existing prenatal care programs could enhance early detection and accessibility in resource-limited settings.
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