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Abstract

:

FSH, estrogen and progesterone testing are widely utilized in clinical practice. Lateral flow assays (LFAs) are cost-effective tools used for diagnosing infectious diseases, pregnancy, and substance testing. The focus of this narrative review is the potential for the wider utilization of listed hormone LFAs. A search was conducted with PubMed, Google Scholar and Wiley online libraries using keywords without any limitation on the publication date; animal studies were excluded. Clinical guidelines for the related conditions were included. According to published data, E3G and PdG are used to determine ovulatory cycles and can be utilized for research purposes to establish the normal range of menstrual cycles, as there is currently disagreement among guidelines. FSH measurement in blood samples is utilized to predict oocyte yield in assisted cycles and to differentiate women with premature ovarian insufficiency from hypothalamic amenorrhea, and can be replaced with more convenient urine testing. PdG was tested to assess the risk of pregnancy complications, specifically miscarriage and ectopic pregnancy, and might become a screening tool for miscarriage in the future. PMS, PMDD and ovarian carcinogenesis could be extensively studied using LFAs to gain a better understanding of the biology behind these conditions. Before implementing these LFAs into clinical practice, the reproducibility of progesterone assays should be evaluated. The results are critical for treatment decisions, and universally recognized standards for estradiol measurement should be developed.
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1. Introduction


Point-of-care (POC) diagnostics is a rapidly growing field that has revolutionized the way healthcare is delivered. Its growth started before and was enhanced by the COVID-19 pandemic. POC refers to medical tests with immediate results that can be performed at or near the site of patient care. Lateral flow assays (LFAs) are platforms made of paper that contain either antibody- or nucleic-acid-recognizing elements. They are widely used in POC diagnostics to detect various substances, such as allergens, infectious agents, antibiotics, cancer biomarkers, hormones and their metabolites among others, due to their affordability, simplicity and short development cycle. In 2022, LFAs’ market valuation was $8.75 billion with an expected growth up to $14.5 billion by 2032, according to Market Global Insights [1]. LFAs can measure hormonal levels qualitatively, semi-quantitatively and quantitatively [2]. Improved sensitivity, specificity and chemical stability scaled commercialization of such products, in addition to the current ability of smartphone utilization in reading LFA results is creating and maintaining a trend [3,4]. According to the International Data Corporation, smartphone market valuation will reach almost 100 billion by 2026 with a shipment of over 400 million units, which should stimulate even wider implementation [5].



Since this narrative review focuses on the measurement of reproductive hormones, specifically follicle stimulating hormone (FSH), estrogens and progesterone, the following paragraphs provide a brief description of each hormone. LH is included in the list for completeness, however, the other hormones are the focus of this review.



Follicle stimulating hormone is composed of α- and β-subunits. It is secreted by the pituitary gland and is a member of the glycoprotein hormone family [6]. It plays a crucial role in stimulating folliculogenesis and estrogen production in women, as well as converting androgens to estrogens through the activation of aromatase. Additional functions include the regulation of bone mass, adipose tissue, energy metabolism and cholesterol synthesis in both sexes [7]. To diagnose reproductive and developmental disorders, FSH levels are commonly measured using immunoassays due to their practical benefits (cost, time, safety) [6].



Luteinizing hormone is a glycoprotein hormone secreted by the anterior pituitary gland in response to gonadotropin-releasing hormone from the hypothalamus. It plays a critical role in regulating reproductive function by stimulating the production of estrogen, maturation of primordial follicles, triggering ovulation during the mid-cycle rise, contributing to the regulation of the menstrual cycle and inducing progesterone synthesis [8]. Most commonly, measuring LH utilizing LFAs is required for ovulation detection in subfertile couples for more precise intercourse timing.



Estrogens are a family of hormones primarily produced by the ovaries, but also in small amounts by the brain, skin, heart and liver, and converted from androgens by aromatase in adipose tissue. Estradiol (E2) is the main biologically active hormone in the estrogen family [9]. Estrone-3-glucuronide (E3G) is its urinary metabolite, which reflects the previous day’s serum estradiol level. Measuring estradiol levels is beneficial for diagnosing conditions such as hypogonadism, ovarian tumors, assisting in fertility treatment and evaluating the effectiveness of aromatase inhibitor therapy in women [10].



Progesterone is produced by the corpus luteum during the luteal phase of the menstrual cycle and by the placenta during pregnancy. Pregnanediol-3-glucuronide (PdG) is the major urine metabolite that reflects the prior day’s serum levels when measured in morning samples. Progesterone testing was implemented in assisted reproduction, for luteal phase deficiency diagnosis and pregnancy progression.



The primary role of FSH, estrogens and progesterone lies in the regulation of the female reproductive system, which means that hormonal testing is useful in the diagnosis and management of development issues and subfertility. However, the diagnosis and management of other conditions may benefit from understanding the objective picture of individual hormonal levels across menstrual cycle phases compared to established ranges and individual information gathered over a period of time. This literature review solely focuses on conditions related to the reproductive system, such as ovarian cysts, ovulatory disorders and infertility. It also includes conditions that are influenced by the menstrual cycle, such as premenstrual syndrome (PMS) and premenstrual dysphoric disorder (PMDD).



Questions to answer: 1. According to existing literature and guidelines, is the testing of FSH, estrogens and progesterone used for diagnostic purposes in chosen conditions? 2. If not, is there evidence that these hormones contribute to the pathophysiology of the mentioned conditions and can help in diagnosis, staging and/or exacerbation prediction? 3. What is the potential for LFA utilization?




2. Materials and Methods


A literature search for a narrative review was conducted using PubMed, Google Scholar and Wiley online libraries without any limit on the publication date. Animal studies were excluded. Keywords used: “reproductive hormones”, “sex hormones”, “FSH”, “estrogens”, “progesterone”, “ovarian cysts”, “infertility”, “PMS”, “PMDD” and “lateral flow assays”. Then, titles and abstracts were evaluated, duplicating papers were excluded and only manuscripts relevant to the topic were extracted. Reference lists of the selected manuscripts were checked, and any further relevant references were included. Additionally, clinical guidelines for related conditions were searched and included in the review.




3. Results


This manuscript contains a total of 81 papers, including observational studies, randomized controlled trials, reviews, practice bulletins, committee opinions, position statements, reports and classification standards.



3.1. Lateral Flow Immunoassays’ Performance


Studies from the past 20 years revealed that there is acceptable performance of LFAs for hormone testing in urine samples. In 2003, 60 ovulating women collected urine specimens and tested E3G and PdG over a six-month period. Then, the monitor for home testing was used to analyze the LFA results and compare them to radioimmunoassay results. The coefficient of correlation was 0.84 for 80% of cycles, which confirmed that the monitor for home testing was as accurate as laboratory measures [11]. Then in 2012, home testing results without controls were compared to the results obtained in the local center. Reliable hormone profiles were obtained both via home testing and laboratory measurements, which led to the conclusion that a lay person could accurately perform testing without supervision [12]. These results are in agreement with a 2015 prospective study that compared urinary FSH, LH, E3G and PdG metabolites to their corresponding blood concentrations, and ultrasound-observed ovulation during one cycle. Serum and urinary levels showed excellent agreement [13]. In addition, a recent study published in 2023 compared E2, progesterone and LH concentrations to E3G, PdG and LH in urine. A correlation of 0.96, 0.95 and 0.98 allowed researchers to conclude that the use of urine tests instead of blood is acceptable whenever testing is required [14]. These results indicate that LFAs are accurate alternatives to blood sampling that are more convenient, painless, eliminate the need for venipuncture, and can be completed at home on a regular basis.




3.2. Premenstrual Syndrome and Premenstrual Dysphoric Disorder


PMS is a commonly observed condition in adolescent girls and young women, with university students having prevalence rates ranging from 58.1% to 92.3% [15]. According to a recent meta-analysis, the global prevalence of PMS is 47.8% (95% CI: 32.6–62.9) [16]. PMDD is a severe form of PMS with a prevalence ranging from 2.2% to 17.6% that varies across countries, cultures and ethnic groups [17,18]. The difference in prevalence of these conditions could be due to different study designs used, age, ethnicity and may also be attributed to the different classification systems and definitions used for data collection and analysis.



While mild moliminal symptoms are a normal part of the menstrual cycle and are caused by fluctuating hormonal levels, these conditions could significantly impact quality of life due to physical symptoms such as lower abdominal pain, tender breasts, swelling, disturbed sleep and mental symptoms, for instance mood swings, aggression and depressive thoughts. The severity of these symptoms may vary depending on the classification system used. However, there are no biomarkers in use and the diagnosis is made based on reported symptoms, which lack objectivity.



In the International Classification of Diseases 11th Revision by the World Health Organization, the syndrome is referred to as Premenstrual Tension Syndrome [19]. It is characterized by behavioral, emotional and physical symptoms that interfere with daily life and are associated with the menstrual cycle [19]. The diagnosis requires evidence that a person is socioeconomically affected during this period and a prospective diary with documented symptoms where the link with the luteal phase is obvious. According to the gynecological guidelines from the American College of Obstetricians and Gynecologists (ACOG), PMS is recognized when disturbing symptoms appear five days before menstruation and disappear four days after, during at least three subsequent cycles [20].



There are a few differences in the PMDD definition by the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition: women should have at least five out of 11 established symptoms that begin one week before menstruation, subside shortly after, and last for a minimum of 12 months [21]. It is also important that the symptoms are not caused by another condition and have a significant impact on social life. A prospective diary with documented symptoms for at least two months is sufficient to confirm the diagnosis. From a patient’s perspective, diagnosis could be frustrating and challenging. Without objective measures to confirm their symptoms, patients may feel like their experiences are not being taken seriously or that they are being dismissed as simply “overreacting”. This can lead to delays in receiving appropriate treatment and support and have a significant impact on their quality of life.



While the exact pathophysiological pathways of PMS and PMDD development are not fully understood, there are several hypotheses suggesting sex hormones may play a role. Some research has indicated that conditions associated with estrogen withdrawal and hypoestrogenic states may contribute to the precipitation or exacerbation of psychotic episodes [22]. Additionally, higher progesterone concentrations have been found to be significantly associated with an increase in subjective fatigue ratings [23]. Neuroimaging studies suggest that estrogens and progesterone impact the modulation of γ-aminobutyric acid and serotonin receptors, while other studies claim the central nervous system’s improper response to hormonal fluctuations results in premenstrual symptoms [24,25]. As a result, there is no agreement among the findings obtained during the past 40 years of research. This could be partially due to the different study populations, samples and methods of testing used, and possibly due to different kinetics of progesterone secretion and metabolism among the groups of participants [26]. Hantsoo et al. in their review suggest that PMDD may have biological subtypes, and that the use of a typing approach can aid in further research and understanding of the underlying biology of PMDD [25].



In the 1980s, studies confirmed that high plasma concentrations of estradiol in the luteal phase were associated with adverse PMS symptoms and correlated with their severity [27]. Later in 1998, researchers validated 30 PMS symptoms and collected blood samples from 30 participants for two consecutive months [28]. They showed that concentrations of estradiol and LH in the luteal phase were positively correlated with symptom severity. Another study on healthy individuals tested norepinephrine, estradiol, progesterone, LH and FSH [29]. Researchers found that during the late luteal phase, individuals with PMS symptoms had lower levels of estradiol compared to those without the condition. Additionally, a negative association was discovered between the area under the curve for estradiol during the luteal phase and the somatic and mental scores of PMS patients [29].



In 2012, Ziomkiewicz et al. measured morning progesterone levels in saliva and assessed mood during the luteal phase of the menstrual cycle in 122 healthy individuals [30]. Their results showed a negative effect of low progesterone levels on mood, aggressive behavior and fatigue. Researchers suggested a biphasic action of progesterone metabolites on the mood of healthy women of reproductive age.



In 2019, there were more attempts to establish objective criteria for diagnosing PMS and PMDD and to define severity stages. Roomruangwong et al. checked hormonal levels once a week, starting from day 7, then on days 14, 21 and 28 [15]. Based on their results, however insignificant, the hormonal levels did not correlate with the PMS score, but they were useful in predicting PMS symptoms during the luteal phase and their severity. The limitation of this study is its small sample size, with only 41 participants, which means that the results may not be generalizable. Testing these findings on a larger audience will enable researchers to determine the applicability of their findings. Ju-Yu Yen et al. analyzed serum levels of estrogen and progesterone in 63 women with PMDD and 53 control subjects during the early and late luteal phases [31]. Their findings demonstrated an association between lower estrogen and higher progesterone levels with PMDD severity, which requires further research and may assist in the development of effective hormone interventions for women with this condition.



The absence of biomarkers for PMS and PMDD diagnosis highlights the need for more research and resources to better understand these conditions. Larger decentralized studies using LFAs and urine samples have the potential to improve the study quality and convenience for participants. These studies could enhance the understanding of biology, staging of PMS and PMDD and the development of effective treatment interventions.




3.3. Ovarian Cysts


Benign cysts in the ovaries are common in women of reproductive age. However, it is difficult to accurately estimate their true incidence since not all types require intervention, and some cysts are discovered incidentally during physical examination and/or ultrasound [32]. It is estimated that up to 20% of women will develop an ovarian cyst at some point in their lives, with benign types predominating and only 1–4% being malignant [32,33].



Symptoms of a benign ovarian cyst vary depending on its size and location. Some women may not experience any symptoms at all, while others may experience pelvic pain, bloating, or a sensation of fullness in the abdomen. In some cases, a large cyst may cause the ovary to tort, leading to severe pain and requiring emergency surgical treatment.



There are several types of benign ovarian cysts, including functional (follicular and luteal), dermoid, endometriomas and cystadenomas, among others. Determining the appropriate management of ovarian cysts depends on several factors, such as medical history, age, risk of malignancy and characteristics of the lesion. Functional and benign cysts in women of reproductive age usually do not require surgery. However, complications such as blood loss and ovarian torsion may require immediate management [33].



As malignant cysts are often diagnosed in the later stages due to the absence of screening tests, this leads to poorer outcomes and urges the development of more effective diagnostic methods [33]. There are two main hypotheses related to the development of ovarian cancer. The first one suggests that the risk of ovarian cancer increases with the number of ovulatory cycles, as the ovarian epithelium undergoes trauma and recovery processes more frequently. The second one links excessive gonadotropin secretion to the subsequent proliferation and malignization of the ovarian epithelium [34].



In 1983, researchers analyzed the family and reproductive histories of 430 white women. They compared the test group, who had epithelial ovarian cancer, with healthy controls and found a protective effect of pregnancy. This effect was stronger with an increasing number of live births [35]. In 1989, an experiment conducted in a cell culture demonstrated increased proliferation in an epithelial ovarian cancer cell line when exposed to 17 beta-estradiol [36]. The effect was dose-dependent. One additional study conducted in cell culture provided further evidence to support the hypothesis that sex hormones have an impact on cancer development. Increasing levels of gonadotropins, estrogen and androgen showed a promoting effect on cancer development, while progesterone at high doses, similar to progesterone levels in pregnancy, had a protecting effect and stimulating effect in low doses [37].



In 1995, Helzlsouer et al. published the results of a prospective nested case-control study involving 31 individuals. In this study, they assessed the relationship between serum sex hormone levels and the risk of ovarian cancer [38]. According to their findings, the risk significantly increased with higher levels of androstenedione (4.5 nmol/L vs. 3.3 nmol/L). However, it was not associated with estradiol, estrone or dehydroepiandrosterone sulfate (DHEAS). According to their results, low levels of FSH after menopause were associated with an increased risk of ovarian cancer, which contradicts the gonadotropins theory. Similar results and conclusions were shared by McSorley et al. in 2009 [39]. They analyzed the data obtained from 1974 to 2000 and found that higher FSH levels during perimenopause and postmenopause were associated with a reduced risk of ovarian cancer.



However, in 1996, Schildkraut et al. found an increased risk of ovarian cancer among women with PCOS, which can partially support the hypothesis of excessive gonadotropin production [40]. Then, in 1998, a study detected that malignant cysts contained higher concentrations of FSH and LH in the cystic fluid, while benign cysts had low or undetectable concentrations [41]. Researchers suggested that FSH and LH may play a role in ovarian cancer. However, they did not provide a detailed explanation. Later, a study conducted in 2004 found statistically significant differences in LH and FSH levels in both serum and cyst fluid between malignant and borderline tumors, cystadenomas and non-neoplastic ovarian cysts [42]. In 2008, researchers found that malignant ovarian tumors had significantly higher concentrations of LH and FSH in cyst fluid compared to benign tumors. There was also a strong correlation between cyst fluid and serum hormone concentrations in cases of malignant tumors that supported the idea of vascular permeability within malignant cysts. Authors could not exclude a possibility of gonadotropin production by malignancy, which could be the cause of elevated levels of these hormones in cysts and has to be further explored [43].



A multicenter case-controlled study, published in 2003, did not find any clear association between ovarian cancer risk and circulating blood hormonal levels [34]. Researchers tested 132 women with ovarian cancer and compared them to a control group that was twice the size. They analyzed FSH, testosterone, DHEAS, androstenedione and sex-hormone-binding globulin. Estrone was measured only in postmenopausal women. The findings suggest that there may be a correlation between elevated levels of androstenedione in the blood of premenopausal women and an increased risk of cancer.



These findings are consistent with regards to exogenous hormone supplementation. A nested case-control study, utilizing data from the Women’s Health Initiative Observational Study, showed that estrogen/estrogen metabolite levels were not associated with ovarian cancer risk among menopausal hormone therapy users [44].



A high prevalence of benign cysts, absence of specific symptoms to detect them, absence of screening tests and diagnosis on advanced stages of malignant cysts urges the need for more research and discoveries in this area, and LFAs could be utilized to fulfill existing gaps.




3.4. Ovulatory Disorders


A regular menstrual cycle is associated with ovulation, and hormonal dysregulation can lead to anovulation, which results in changes in bleeding and interval patterns. Based on existing guidelines from the International Federation of Gynecology and Obstetrics, a regular menstrual cycle is considered to be between 24 and 38 days, while according to the ACOG practice bulletin #128, it is 21–35 days. However, there is even more inconsistency in published studies from different countries [45,46,47].



There are several major conditions associated with ovulatory dysfunction, including functional hypothalamic amenorrhea, polycystic ovarian syndrome and thyroid dysfunction. Other possible reasons are hyperprolactinemia, premature ovarian insufficiency, adrenal disorders and congenital malformations.



Functional hypothalamic amenorrhea is a condition that is often caused by low calorie intake, excessive exercise and high-level stress, or a combination of these factors. It results in anovulation and the absence of menstruation for more than three consecutive months or when a cycle consistently exceeds 45 days [48]. The Endocrine Society recommends testing serum levels of the thyroid-stimulating hormone (TSH), free thyroxine (T4), prolactin, LH, FSH, E2 and anti-Mullerian hormone for diagnostic purposes.



Polycystic ovary syndrome is an endocrine disorder that affects 4–20% of women of reproductive age worldwide. The condition was first described in 1935 by Stein and Leventhal, who noted the presence of enlarged ovaries with multiple small cysts in women experiencing amenorrhea or oligomenorrhea and hirsutism [49]. Since then, the diagnostic criteria for PCOS have evolved, with the most recent guidelines emphasizing the importance of hyperandrogenism, ovulatory dysfunction and the presence of polycystic ovaries on ultrasound for diagnosis.



The National Institute of Health established diagnostic criteria for PCOS in 1990, which include hyperandrogenism and oligoovulation, but exclude other conditions that may resemble PCOS, such as adult-onset congenital adrenal hyperplasia, hyperprolactinemia and androgen-secreting tumors [50]. In 1992, S. Robinson et al. conducted a study to determine which hormones should be used for diagnostic purposes. They tested serum levels of LH, FSH, LH/FSH ratio, total testosterone, derived free testosterone, sex-hormone-binding globulin, androstenedione and dehydroepiandrosterone (DHEA) [51]. They found a significantly elevated total testosterone concentration in 70% of the PCOS group. The mean LH, LH/FSH ratio and androstenedione were significantly higher in the PCOS group, but appeared less frequently than total testosterone. They concluded that in addition to the ovarian picture on ultrasound, the presence of hirsutism and oligoovulation, total testosterone is the only biomarker that should be tested.



In 2003, the Rotterdam ESHRE/ASRM-Sponsored PCOS consensus workshop group concluded that PCOS is a syndrome characterized by the most common clinical picture of irregular menstruation, hyperandrogenism and excessive weight. They also emphasized that a single criterion, such as an elevated testosterone level, is not sufficient to make a diagnosis [52]. The Endocrine Society revised the evidence in 2013 and suggested that a diagnosis of PCOS should be made in adult women who exhibit two of the following characteristics: excess androgen production, anovulation and an ultrasound picture of polycystic ovaries [53,54,55].



Primary ovarian insufficiency is a rare condition in which the ovarian follicle pool is diminished and ovaries cannot perform their endocrine function significantly earlier than the average age of menopause [56]. It is often associated with irregular menstrual cycles, menopausal symptoms and reduced fertility. The condition can only be diagnosed in women under 40 if they have elevated levels of FSH and low levels of estrogen from two separate blood tests taken at least one month apart, along with a history of irregular menstrual cycles or amenorrhea for at least four months. An ultrasound may also be performed to confirm the absence of ovarian follicles. Decreased levels of E2 through a negative feedback loop activate the release of FSH in the pituitary, which leads to elevated levels of FSH in the blood. Low levels of E2 indicate that the ovaries are not functioning properly. The sooner the condition is diagnosed, the better it is for patients, as assisted reproduction may be available if they have not yet completed their family.



Menstrual cycle length remains the main sign that reflects if ovulation is happening or not, so it is crucial to have established norms that are age and race specific and LFAs could assist in that aspect. Testing for ovulation prediction and confirmation will be covered in detail in the next section.




3.5. Infertility Management


Infertility is a growing concern worldwide, with an estimated 1 in 6 people experiencing difficulties conceiving at some point in their lives [57]. Infertility is defined as the inability to conceive after one year of unprotected intercourse. FSH, E3G and PdG’s primary goal of testing refers to this area.



In Figure 1, an example of a 29-day menstrual cycle is presented with an ovulation on day 15. The first rise in the FSH occurs during 2–4 days of the follicular phase with typical FSH testing on day 3 for predicting the fertility outcome during fertility treatment. An LH peak 1–2 days prior to ovulation represents an expected event, however it is clear from the graph that E2 and FSH also have preovulatory surges, thus their testing could also be utilized for that purpose. The progesterone rise during the luteal phase reaches its peak on day 6–8 after ovulation representing the end of testing, as following days will not add value to the obtained results. Testing for each situation is described in further detail below.



3.5.1. Ovarian Reserve Testing


Ovarian reserve testing was first introduced in the 1990s as a way to predict a woman’s reproductive potential and determine the optimal timing for fertility treatments [58]. The tests include measuring levels of hormones such as FSH, estradiol and anti-Mullerian hormone concentrations, as well as ultrasound imaging of the ovaries to assess the quantity and quality of follicles. These tests are conducted during the early follicular phase, typically between menstrual cycle days 2–5. However, there are controversies surrounding the accuracy and usefulness of these tests. Some experts question their ability to accurately predict fertility outcomes, while others argue that they may lead to unnecessary anxiety and treatment. Additionally, there is a debate over which specific tests are the most effective for assessing ovarian reserve and when they should be performed.



The ACOG and the American Society for Reproductive Medicine (ASRM) recommend testing FSH levels in assisted cycles to predict oocyte yield, and to differentiate between women with primary ovarian insufficiency who may benefit from oocyte donation and those with hypothalamic amenorrhea who require exogenous gonadotropin stimulation for ovulation induction. Women with normal FSH and E2 levels in the setting of oligomenorrhea or anovulation should be evaluated for PCOS and non-classic adrenal hyperplasia. If serum FSH levels are higher than 10 IU/L, it may result in a weaker reaction to ovarian stimulation. Estradiol can be used as a guide to support the information obtained from FSH testing. Basal blood E2 levels should be lower than 60–80 pg/mL. If E2 levels are high, it may lower FSH levels as a temporary measure and indicate a decrease in ovarian reserve, which later results in high levels of FSH and low levels of E2 [59,60,61].



Testing FSH at home using LFAs in assisted reproduction can provide patients with a more convenient option and has shown positive results, as seen with the use of remote self-ultrasound monitoring, and these tests are present as consumer products [62,63].




3.5.2. Ovulation Testing


There are several tests available for this purpose, including urine-based ovulation predictor kits, basal body temperature monitoring and cervical mucus analysis.



LH testing. The first consumer kit for LH testing was proposed and has been widely used since the 1980s [64]. The LH urine test detects the presence of LH in the urine, which typically surges 1–2 days before ovulation [65]. The test line on the LH urine test should be as dark or darker than the control line to indicate that the LH surge has occurred and ovulation may occur within the next 24–48 h.



Estrogen testing. Typically, estradiol levels rise a few days before ovulation. However, they can change from cycle to cycle and vary among individuals. Urinary E3G has been tested against serum E2 and confirmed in several studies as being an appropriate method for predicting ovulation. Researchers also concluded that it can be used for monitoring in controlled ovarian hyperstimulation cycles [66,67]. The median levels of urinary peak E3G were detected half a day before ovulation (the 5th to 95th percentile: −2.5 to +9.5), and the median peak day for FSH levels was also half a day before ovulation (the 5th to 95th percentile: −2.5 to −0.5 days) [68]. The testing can be performed in combination with LH and FSH.



Progesterone testing. According to ASRM, a serum concentration of progesterone greater than 3 ng/mL is sufficient evidence of ovulation [60,69]. PdG showed a strong correlation with serum progesterone levels and can be utilized to confirm ovulation [13]. Barrett et al. proposed an assay for measuring PdG that required a 24-h urine collection. The amount of a hormone metabolite was calculated as a rate, regardless of the volume of urine [70]. It has been widely tested, and there are recognized values that are used to distinguish between fertile and anovulatory cycles. Typically, progesterone levels are measured 6–8 days after the expected day of ovulation. If the excretion rate of PdG exceeds 13.5 μmol/24 h within 6 days of the estrogen peak day, it is considered a fertile ovulatory cycle [67]. An excretion rate between 7–9 μmol/24 h is indicative of ovulation and can distinguish a luteinized unruptured follicle from an inadequate luteal phase. A rate of less than 7 μmol/24 h is a sign of anovulation [71]. However, first-morning urine was tested as an alternative to the 24-h collection, so the values obtained from other studies may differ from the ones mentioned [72].



In women with PCOS, the use of LH testing may be limited due to the fact that LH levels can be elevated throughout the menstrual cycle in these individuals. Therefore, other methods such as ultrasound monitoring of follicle development, predicting ovulation with urine E3G, FSH testing or a combination of these methods may be more effective. In addition, based on existing evidence from high-income countries, using ovulation predictor kits can improve fertility management among couples who are trying to conceive without adding stress or anxiety [73].




3.5.3. Luteal Phase Deficiency


Back in the 1940s, Jones studied and treated luteal phase deficiency (LPD), which occurs when the corpus luteum fails to secrete an adequate amount of progesterone [74,75]. In the BioCycle Study of 259 women, Schliep et al. defined “biochemical” LPD as <5 ng/mL measured in serum and “clinical” when the luteal phase is shorter than 10 days. They determined the prevalence of LPD by utilizing these two established criteria and examining their correlation with hormone concentrations. Based on their results, almost all participants with clinical LPD had midluteal progesterone levels less than 10 ng/mL [76]. According to ASRM, the combined testing of luteal progesterone and evaluation of the length of the luteal phase is a promising tool that requires further research [53].



With respect to the data obtained from research, PDG testing in the luteal phase can assist in identifying patients with LPD and patients at a high risk of miscarriage when tested in the first trimester, as well as those who may have an ectopic pregnancy [72,77,78].




3.5.4. Ovarian Stimulation


There are practical examples of LFA utilization in stimulation cycles where urinary tests have shown rapid and accurate results that are comparable to blood ones [79]. For instance, urine E3G monitoring during gonadotropin stimulation has been found to be comparable with serum E2 for predicting oocyte retrieval outcomes when measured on the day of trigger with coefficients of determination of 0.7066 and 0.6102. Daily samples that were matched confirmed a good correlation between urine E3G and serum E2 [79].






4. Discussion


Hormonal monitoring plays a pivotal role in diagnosis and monitoring reproductive conditions (e.g., ovulatory disorders, infertility). This review evaluated historical data related to the hormonal impact in disease pathophysiology and current utilization of testing in diagnostic purposes. The primary role of LFAs lies in the replacement of traditional testing, which can subsequently increase patient satisfaction and quality of life. Additionally, LFAs could be used in the discovery process and contribute to uncovering existing gaps in knowledge of disease development.



4.1. Replacement


As LFAs showed great agreement in ovulation detection comparable to serum testing and ultrasound, they could be widely used in subfertile couples for timing intercourse, as well as in stimulation cycles where they showed comparable results in predicting oocyte retrieval outcomes [13,73,79]



Conditions such as oligomenorrhea and amenorrhea can be present in women with primary ovarian insufficiency, hypothalamic amenorrhea and PCOS, making it important to distinguish the cause and establish a diagnosis. Physicians typically exclude pregnancy and then assess levels of FSH, LH, prolactin, androgens and TSH [48,56]. While all of these tests can be performed in the laboratory, utilizing LFAs can make it more convenient and aid in monitoring over a chosen period of time, providing a clearer picture of hormonal levels that can assist in decision making regarding reproductive goals and treatment efficacy.



Utilization in pregnancy requires more time to validate accuracy and safety standards, however, there are already available examples of beneficial PdG monitoring to estimate a risk of pregnancy and make a decision on progesterone supplementation, which could be further transformed into screening [72].




4.2. Discovery


Premenstrual syndrome. The limitations of current evidence include the heterogeneity of study designs, small sample sizes and insignificant results. Given the prevalence of PMS and PMDD within the population, there is potential for conducting larger decentralized studies using LFAs and urine samples. These tests might also increase the quality of the studies by improving convenience for participants and increasing compliance with study protocols. Such studies would contribute to the understanding of biology, staging of these conditions and the development of objective diagnostic criteria and effective treatment interventions.



Ovarian cysts. The role of estrogens, progesterone and gonadotropins in cyst formation and malignization is not clear to date, and there is limited knowledge about hormonal profiles among women with different types of cysts. Epidemiological studies suggest that the link exists, and there is evidence from in vitro studies on cell cultures. However, endogenous hormone levels and hormone replacement therapy with estrogens alone and in combination with progesterone were not found to increase the risk of developing ovarian cancer [44]. Taken altogether, there is a space for research using LFAs, as even multicenter studies are limited in terms of participant numbers and geographical representation. Additionally, even in some studies of peri/premenopausal women, blood samples analyzed are single measures, which are not sufficient due to the fluctuation of levels in cycle phases, intercycle variability and individual variability.



Normal ranges. In the context of ovulatory dysfunction, the primary potential of LFAs in combination with existing digital menstruation tracking tools is to establish a consensus on the normal range and parameters of menstrual cycles. As we have seen, there is a disagreement in the guidelines, which can impact clinical decision making [45,46,47].




4.3. Limitations


With all the improvements and great potential in the utilization of reproductive hormone monitoring, there are certain limitations.



Estrogens testing. The Endocrine Society has stated that there are no universally recognized ranges for estradiol measurements that are specific to the menstrual cycle phase, age and gender. Estradiol measurements are important for diagnosing and managing infertility, as well as identifying tumors that secrete estradiol. However, there are limitations to accurately measuring very low concentrations of estradiol. The Endocrine Society recommends establishing a universally recognized standard for estradiol measurements, as well as reference ranges that are age-, gender- and biologically specific for puberty/adolescence, menstrual cycle stage and menopause [80].



Progesterone testing. Lawrenz et al. conducted a retrospective observational study to compare progesterone assays and evaluate their reproducibility. Prior studies have indicated that high levels of progesterone during ovarian stimulation for IVF/ICSI can have a negative impact on the outcome. Additionally, different progesterone assays may show non-identical results. Researchers were focused on levels below 1.5 ng/mL, which are crucial for the early detection of a rise in progesterone during ovarian stimulation. The analysis showed that various assays have limited reproducibility, and the results depend on both the specific assay used and the range of progesterone levels. This may lead to different treatment decisions and requires critical interpretation of thresholds [81].



As the mentioned suggestions are general and primarily related to the results obtained in laboratories, further testing and standardization should be conducted before implementing LFA on a larger scale.





5. Conclusions


There are certain limitations in the utilization of LFA for diagnostic purposes when any of the described conditions are suspected. These limitations affect the areas where LFA can be implemented beneficially and its potential for research. Based on the aforementioned information, hormonal monitoring with LFAs is utilized and has the potential to establish the normal range of reproductive hormones at different stages of the menstrual cycle. It can also determine variation and phase parameters, as there is still disagreement in their definition. This affects the diagnostic criteria for conditions related to the menstrual cycle.



To conduct research and evaluate on a larger scale existing hypotheses behind PMS and PMDD with more detailed measurements of hormonal levels. This can help in gaining a better understanding of the biology of these conditions, and the role of estrogens and progesterone in them. In addition, in PMS and PMDD, testing can help predict symptoms and their severity. However, all aspects of utilization should be tested before wider implementation.



In fertility assistance, monitoring estrogen and progesterone levels is helpful for predicting and confirming ovulation, especially in cases with PCOS, as the LH tests may provide unreliable results. Serum FSH testing is currently used to predict oocyte yield in an assisted reproductive cycle and can potentially be fully replaced with a more convenient urine testing option. Progesterone testing shows promising results in estimating the risk of pregnancy complications, diagnosing luteal phase deficiency and identifying patients at a high risk of miscarriage and ectopic pregnancy.
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