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Abstract

:

Background/Objectives: Premenstrual dysphoric disorder (PMDD) is an understudied psychiatric condition affecting reproductive-age women who experience negative mood in the luteal phase of the menstrual cycle. Cognitive functions in PMDD are not well understood as patients have been tested in the luteal phase. This may confound study results due to noted emotional interferences, as well as the potential opposing effects of the sex hormones estradiol and progesterone. In the present study, we evaluated visuospatial function in the follicular phase in women with PMDD and healthy controls, and further examined the effect of estradiol as research into the hormonal mediation of visuospatial function in reproductive-age women has produced mixed results. Methods: To this end, we analyzed estradiol concentrations using the gold standard mass spectrometry. Serum samples were collected in the early follicular and mid/late follicular subphases when estradiol is low and high, respectively, while progesterone is low and steady. We assessed visuospatial function using the classic mental rotation task. Results: Women with PMDD had a higher mental rotation total score (t = 2.17; p < 0.05). The addition of six demographic, biological, and anthropomorphic variables in a hierarchical fashion accounted for 45.3% of the total variance in the final model with diagnosis remaining statistically significant (t = 4.36; p < 0.001). Estradiol did not mediate the group difference and was not significantly associated with visuospatial function. Conclusions: The present results provide support for new research directions into the potential biological mechanisms that underlie the pathophysiology of PMDD, represented as enhanced visuospatial ability in women with PMDD in the follicular phase. We review the theory that PMDD is a disorder of the enhanced excitation-to-inhibition ratio, with a focus on findings to date from brain imaging research.
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1. Introduction


It is estimated that approximately 5% of reproductive women have premenstrual dysphoric disorder (PMDD) [1], a debilitating psychiatric condition characterized by the expression of negative mood symptomatology in the luteal phase of the menstrual cycle. Along with affective and physical symptoms, women with PMDD may experience luteal phase impairments in cognition that impact their occupational and other daily functions [2,3].



Hormones from the steroid hormone biosynthesis pathway, such as the sex hormones estradiol and progesterone, significantly affect cognitive functions [4]. Sex hormones vary across the menstrual cycle; an infradian rhythm that is broadly divided into follicular and luteal phases. The follicular phase, which starts on the day of menstrual bleeding and ends with ovulation, is followed by the luteal phase, which ends prior to the start of the subsequent menses. In the early follicular subphase, estradiol and progesterone are low. Estradiol then rises in the mid-follicular subphase to its peak in the late follicular, or periovulatory, subphase. Both estradiol and progesterone trajectories follow inverted U-shaped trajectories through the early, mid-, and late luteal subphases.



Hormonal modulations can have profound effects on cognition, given the wide distribution of estrogen (ER-α and ER-β) and progesterone (PR-A and PR-B) [5,6] receptors in cognitively relevant brain regions. For example, ovariectomized rats have reduced dendritic spine density in neurons of the hippocampus and the prefrontal cortex [7]. Following the add-back of estradiol, there are spinal density increases in these areas along with memory improvements [8]. It is, however, not well understood whether the effects of profound shifts in hormone levels, such as ovariectomy and exogenous hormone administration, on memory and cognition translate to the more subtle hormonal changes across the menstrual cycle.



It is critical to examine this question in the context of the fine-grained, subphase menstrual cycle context, and not phase (follicular vs. luteal) contrasts as there are confounding effects in the latter comparison. The luteal phase is marked by elevations in both estradiol and progesterone, and since progesterone can both enhance as well as antagonize the estradiol enhancement of spinal density [9], this may mask any potential effects of estradiol.



The phase contrast framework may have contributed to the conclusion that there is insufficient evidence to support menstrual cycle phase differences in visuospatial function [10]. The premise of examining this particular aspect of cognition was based on the finding that men perform better on visuospatial function tasks [11]. As such, it was hypothesized that the sex hormones estradiol and/or progesterone may decrease visuospatial ability; hence, an improvement would be observed at the beginning of the follicular phase of the menstrual cycle when sex hormone levels are low. Nine out of twelve studies, however, compared the follicular vs. luteal phases; however, this approach may be confounded as described above. The three studies that avoided the potential effects of progesterone on estradiol activity in the luteal phase and assessed only the follicular phase did not find timepoint differences when testing the participants during menses and another time on the 11/12th day of the menstrual cycle [12], between days 3 and 7 of the menstrual cycle [13], and between days 1 and 3 and again between days 12 and 20 [14].



These studies drew speculative inferences about the effects of estradiol based on the cycle day, which may be an erroneous approach as phase duration and estradiol levels are significantly variable both within and between women [15,16]. Hence, assessing estradiol concentration using mass spectrometry (MS), which is the gold standard [17] for measuring the concentration of hormones from the steroid biosynthesis pathway, the first objective of the present study was to examine whether estradiol levels correlate with visuospatial function in reproductive-age women. We completed this analysis by testing study participants in the early follicular and mid-late follicular subphases of the menstrual cycle, and adjusted the analysis using serum progesterone, also measured using MS.



The second objective of the present study was to assess whether visuospatial function differs in women with PMDD relative to healthy controls in the follicular phase of the menstrual cycle and whether this potential difference is mediated by serum estradiol concentrations. Although cognitive impairment occurs in the luteal phase, we focused on the follicular phase given the need to assess cognition in PMDD when women are not affected by emotional lability observed in the luteal phase.




2. Materials and Methods


2.1. Study Procedures


The present study is part of a project examining the trajectories of neuroactive steroid hormones in women with PMDD and healthy controls, and the effects of these hormones on heart rate variability, cognition, sleep, and food cravings. Details of the project are described in detail in Hamidovic et al. (2022) [18]. In summary, reproductive-age women with regular menstrual cycles were enrolled if they were not illicit drug users (urine test-verified), smokers, heavy alcohol drinkers, or prescription medication users (including hormonal forms of birth control). Women with a lifetime psychiatric disorder, except anxiety and depression (based on the Structured Clinical Interview for DSM Disorders (SCID)), and current (i.e., within the past 12 months) DSM-5 Major Depressive Disorder or an anxiety disorder (based on SCID) were excluded from the study. Once enrolled, the participants filled out the Daily Record of Severity of Problems (DRSP) survey [19] over 2–3 menstrual cycles, which was used for assigning PMDD diagnosis in the present study [20]. Women were assigned to the PMDD group if they had a 30% or greater increase in 5 or more symptoms (one had to be affective in nature) on days −7 to −1 relative to days +6 to +12 of the menstrual cycle [21].



In the last menstrual cycle of the study, the participants attended 8 menstrual cycle visits during which, among other measures, we collected serum samples for the analysis of neuroactive steroid hormone levels according to the Biocycle method [16], as described by Hamidovic et al. (2022) [18]. For example, a woman with a 28-day cycle (based on the previous cycle) was scheduled to attend visits on days 2 (early follicular), 7 (mid-follicular), 12 (periovulatory 1), 13 (periovulatory 2), 14 (periovulatory 3), 18 (early luteal), 21 (mid-luteal), and 27 (late luteal), corresponding to visits 1–8, respectively. Study participants in the present study were randomized to complete the mental rotation task on visit 2 or one of the 3 periovulatory visits to permit adequate follicular phase estradiol variability.




2.2. Study Measures


Serum Progesterone and Estradiol. Serum samples were analyzed at the University of Illinois, Chicago Mass Spectrometry Core, using the AB SCIEX 6500 QTRAP mass spectrometer (Sciex, Framingham, MA, USA) coupled with the Agilent 1290 UPLC system. Details of mass spectrometry experiments are described by Hamidovic et al. (2023) [22]. The accuracy of the calibration standard was within the acceptable range of 15%. For progesterone, the limit of detection (LOD) was between 0.5 and 1.5 pg, while for estradiol, the LOD was between 0.05 and 0.25 pg.



Mental Rotation. As in previous studies assessing the effect of estradiol on visuospatial function [23], we used the classic mental rotation task by Vandenberg and Kuse (1978) [24]. Most researchers have used this or similarly related difficult versions to meet the requirement that a visuospatial task should be sufficiently difficult, with three-dimensional instead of two-dimensional depictions, and large, as opposed to small, angular disparities [23,25]. In the task, a target three-dimensional cube is presented along with four alternative figures at different angles. The goal is to select which two of the four alternatives are the same as the target figure. The MRT was scored using the 1-point system [26] in which an item was allotted 1 point if both rotated figures were correctly identified. Each participant was given 8 min to complete 24 problems on paper.




2.3. Data Analysis


We first compared the demographic and anthropomorphic characteristics of the study groups (PMDD vs. healthy control) using the Chi-Square (or Fisher’s Exact) test for categorical variables and the analysis of variance (ANOVA) for continuous variables (Table 1). While the distribution of the mental rotation total score was normal, one participant had 0 as the final score; hence, this participant’s data were removed from the analysis. Next, we completed linear regression analysis to evaluate the significance of the association between the mental rotation total score and estradiol. In this analysis, we ran an additional model, adjusting for progesterone concentration. Our second evaluation was the hierarchical linear regression analysis evaluating the significance of the association between the mental rotation total score (outcome) and diagnosis (predictor) (Model 1). We next entered age and age of menarche in step 2, followed by BMI (coded as underweight/normal weight (BMI ≤ 24.9) or overweight (BMI > 25)) and estradiol in Model 3. In Model 4, we entered race as a factor variable. In the final analysis, we ran a linear regression with the diagnosis–estradiol interaction (with the main effects of each) as a predictor of the mental rotation total score. We formally tested the distribution of residuals for all models using the “shapiro.test” function in R. We set the statistical significance of all analyses at p ≤ 0.05.





3. Results


The present analysis included 17 healthy participants and 12 participants with PMDD. They were 25.89 years old on average, and ~60% were students. About half of the participants were white. The mean age of menarche was 12.17, and the average BMI was 25.03. As indicated in Table 1, there were no statistically significant demographic or anthropomorphic differences between the two groups.



The linear regression model examining the association between estradiol and total score on the mental rotation task did not indicate significance (t-value = 1.263; p-value = 0.218) (Figure 1). The Shapiro test assessing the distribution of residuals was not statistically significant (W = 0.953, p-value = 0.242). Adjusting the model for progesterone did not result in statistical significance for estradiol (t-value = 1.407; p-value = 0.172). Likewise, progesterone was not significantly associated with the total mental rotation score (t-value = −0.923; p-value = 0.365).



Detailed results of the hierarchical analysis are presented in Table 2. Model 1 of the hierarchical linear regression showed that women with PMDD had a higher mental rotation total score (t = 2.17; p < 0.05) (Figure 2), with diagnosis accounting for 11.7% of the variation. Adjusting for age and age of menarche in Model 2 showed that diagnosis remained significant (t = 2.42; p < 0.05), while age (t = 1.12; p = 0.272) and age of menarche (t = 1.34; p = 0.192) were not significantly associated with the mental rotation total score. Model 2 accounted for 14.9% of the total variance. Adjusting for age, age of menarche, BMI, and estradiol levels in Model 3 indicated that the diagnosis is significantly associated with the mental rotation total score (t = 3.44; p < 0.01). In this model, age was associated (t = 2.13; p < 0.05), while age of menarche (t = 0.73; p = 0.470), BMI (t = −1.52; p = 0.140), and estradiol (t = 1.58; p = 0.127) were not associated with the mental rotation total score. Model 3 accounted for 37.9% of the total variance. In the final model, diagnosis was significant (t = 4.36; p < 0.001). In this model, age (t = 0.88; p = 0.388), age of menarche (t = 1.34; p = 0.196), BMI (t = −1.44; p = 0.168), estradiol (t = 1.86; p = 0.080) and race (with white as a reference) were not associated with the mental rotation total score. The final model accounted for 45.3% of the total variance. The results of the Shapiro–Wilk normality tests on individual model residuals were not significant for any of the four models assessing the association between diagnosis and the mental rotation total score.



The final analysis showed that the mental rotation total score did not differ by group according to the estradiol concentration, as the diagnosis–estradiol association was not significant (t = 1.29; p = 0.209). Estradiol (t = −0.16; p = 0.869) was not statistically significant, while diagnosis remained significant (t = 2.36; p < 0.05).




4. Discussion


The results of the present study indicate that estradiol is not significantly associated with visuospatial performance in reproductive-age women in the follicular phase of the menstrual cycle when estradiol significantly varies while progesterone stays low and steady. Furthermore, the results show that women with PMDD have better mental rotation performance relative to healthy controls. This finding held after the adjustment for a number of important demographic and anthropomorphic covariates. Finally, the group difference in visuospatial performance identified here was not modulated by circulating estradiol levels.



The rationale for examining estradiol’s effects on visuospatial function stems from the finding that men outperform women in visuospatial performance by approximately 0.6 standard deviations [27]. Hence, several studies of varying designs—including both direct measurements of estradiol as well as menstrual cycle phase evaluations as proxies of underlying estradiol concentrations—have been completed. To this effect, a meta-analysis [10] contrasting the follicular vs. luteal phase in visuospatial performance found no effect of the phase (standardized mean difference = 1.61 (95% CI −0.35 to 3.57)), though a number of limitations were present in the analyzed studies, including the possible confounding effect of luteal phase progesterone on the potential effects of estradiol. Moreover, studies to date [13,25,28,29,30] analyzed estradiol using immunoassay techniques, which are considered unreliable due to poor specificity [31] to distinguish similar compounds from the steroid biosynthesis pathway. Assays based on mass spectrometry are the gold standard method for the quantification of estradiol [32] and are implemented in Clinical Laboratory Improved Amendments (CLIA)-certified laboratories. Using mass spectrometry as a validated method for estradiol measurement in a menstrual cycle phase devoid of high and variable progesterone, the results of the present analysis indicate no significant effect of estradiol on mental rotation performance. The present results are in line with the meta-analysis [10], showing no effect of menstrual cycle phase, which was implemented to serve as a proxy of sex hormones.



This result was consistent across the study groups, as the interaction between serum estradiol and diagnosis on the mental rotation total score was not statistically significant, while a significant main effect of the diagnosis was identified. The finding that women with PMDD have better visuospatial function may reflect a distinct tone in the areas processing mental rotation, including the occipital lobe [33,34,35]. Interestingly, levels of gamma-aminobutyric acid (GABA)—the main inhibitory neurotransmitter in the human central nervous system—are reduced in the occipital lobe in the follicular phase of the menstrual cycle in women with PMDD relative to healthy controls [36], supporting the notion that the underlying pathophysiology of PMDD is related to the increased ratio of neuronal excitation-to-inhibition. With respect to the occipital lobe tone, the increased excitation in PMDD was observed in a phase-specific manner, as occipital GABA levels increased in women with PMDD from the follicular to the luteal phase, while the opposite pattern was identified in healthy controls [36]. Furthermore, by recording magnetoencephalographic (MEG) gamma oscillations (~30–90 Hz), Manyukhina et al. (2023) [37] found that neuronal excitability in the visual cortex is consistently elevated across the menstrual cycle in women with PMDD in the form of visual gamma response (GR) power. The primary visual cortex concurrently mediates both the perception of an external input and the internal generation of a transformed representation, which comprises mental rotation [38]. Hence, the results of the present study may reflect enhanced tone in this brain region in PMDD, though meta-analytic findings have identified additional consistent networks of foci that are active during mental rotation [35]. Hence, excitatory tones in other regions, as well as morphological differences, may be further examined. As an example, the parietal lobe tissue proportion in women is greater than in men [39], which links to the noted sex differences in mental rotation test performance [40]. Apparently, these differences extend to the prenatal period [41]. Hence, developmental origins of differences between women with PMDD and healthy controls may be present [42], just as there are significant sex differences that are attributed in part to brain morphology.



The conduct of the present study was severely impacted by the COVID-19 pandemic, resulting in a small sample size. Hence, the results presented here should be cautiously interpreted in the absence of confirmation from a larger study. Nonetheless, a number of potentially confounding factors were tightly controlled as the study participants did not have present co-occurring mental illnesses, take prescription medications (including hormonal forms of birth control), smoke, or take illicit drugs.



Luteal phase PMDD-related changes in affect or fatigue may affect efforts to complete the mental rotation task. Hence, we conducted the present study in the follicular phase, though a better design would have involved including an additional mental rotation evaluation in the luteal phase in a between-subject fashion to avoid carryover effects. Due to budgetary constraints, we were not able to complete this aspect of the study. Moreover, as previous exposure to the test in within-subject designs may result in carryover effects [23], the importance of strategy and experience cannot be overlooked, presenting caution in drawing definitive conclusions before replication studies are performed.




5. Conclusions


In this study, we reported on the visuospatial ability of women with PMDD and healthy controls and its relationship with estradiol in the follicular phase. This result potentially opens new directions for research into biological factors that underlie the pathophysiology of PMDD; represented as an enhanced visuospatial ability in women with PMDD. Although estradiol does not play a role, other hormones, as well as other factors, such as brain anatomy and environmental and genetic factors, may be investigated with an overarching goal of gaining a better insight into the pathophysiology of PMDD, thereby facilitating drug discovery.
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Figure 1. Absence of a significant association between mental rotation total score and estradiol levels in the follicular phase of the menstrual cycle. 
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Figure 2. Significantly lower mental rotation total score in healthy study participants relative to the study participants with PMDD (p < 0.05). This significance remained after the adjustment for additional covariates (p < 0.001) (Table 2). * p < 0.05. Variance is displayed as the standard error of the mean. 
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Table 1. Demographic characteristics according to study groups.
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Demographic

Variable

	
Category

	
Diagnostic Category




	
Healthy

(n = 17)

	
PMDD

(n = 12)

	
p-Value






	
Age

	

	
26.23 (5.27)

	
24.75 (4.95)

	
0.45




	
Race

	
White

	
5

	
5

	
0.73




	
Black or African American

	
4

	
1




	
American Indian or Alaska Native

	
0

	
1




	
Asian

	
5

	
3




	
Native Hawaiian or

Other Pacific Islander

	
0

	
0




	
More than one race

	
1

	
0




	
Unknown/do not want to specify

	
2

	
2




	
Ethnicity

	
Hispanic

	
4

	
5

	
0.42




	
Non-Hispanic

	
11

	
7




	
Unknown/do not want to specify

	
2

	
0




	
Student

status

	
Yes

	
7

	
5

	
0.14




	
No

	
5

	
12




	
Age of menarche

	

	
12.25 (1.57)

	
12.08 (1.164)

	
0.76




	
BMI

	

	
24.17 (4.81)

	
26.18 (4.76)

	
0.28











 





Table 2. Variables for hierarchical linear regression analysis evaluating the significance of the association with mental rotation total score (outcome).
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Model

	
Variable

	
Adjusted R2

	
Estimate

	
SE

	
t Value

	
Pr(>|t|)

	
Significance






	
1

	
Diagnosis (PMDD)

	
0.1177

	
3.118

	
1.433

	
2.17

	
0.0385

	
*




	
2

	
Diagnosis (PMDD)

	
0.1492

	
−3.455

	
1.424

	
2.42

	
0.0228

	
*




	
Current age

	
0.156

	
0.139

	
1.12

	
0.2723

	




	
Age of menarche

	
0.693

	
0.517

	
1.34

	
0.1923

	




	
3

	
Diagnosis (PMDD)

	
0.3308

	
4.552

	
1.321

	
3.44

	
0.0023

	
**




	
Current age

	
0.283

	
0.133

	
2.13

	
0.0441

	
*




	
Age of menarche

	
0.367

	
0.500

	
0.73

	
0.4705

	




	
BMI

	
−2.196

	
1.43