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A B S T R A C T   

Women experience different degrees of subjective cognitive changes during pregnancy. The exact mechanism 
underlying these changes is unknown, although endocrine alterations and genetics may be contributing factors. 
We investigated whether multiple pregnancy-related hormones were associated with working memory function 
assessed with the Digit Span Test (DST) in late pregnancy. Moreover, we examined whether the catechol-O- 
methyltransferase (COMT) genotype, previously related to working memory, was an effect modifier in this 
association. 

In this population-based panel study, we recorded psychiatric history, medication use, socio-demographic 
characteristics, and psychological well-being, gathered blood and saliva samples, and administered the DST at 
gestational weeks 35–39 (N = 216). We conducted multivariate linear regressions with DST as outcome, with 
different hormones and COMT genotype, adjusting for covariates including maternal age, BMI, education, 
depressive symptoms, and parity. We repeated these analyses excluding women with elevated depressive 
symptoms. 

Higher DST total scores were associated with increased free estradiol concentrations (B = 0.01, p = 0.03; B =
0.01, p = 0.02) in all participants and in participants without depressive symptoms, respectively, whereas DST 
forward was positively associated with free estradiol only in women without depressive symptoms (B = 0.01, p 
= 0.04). Lower total testosterone concentrations (B = − 0.03, p = 0.01) enhanced DST backward performance in 
non-depressed women. Maternal higher education was significantly associated with the DST subscales in all 
participants. No significant differences emerged when considering the COMT genotype. 

Our results suggest differential associations of free estradiol and total testosterone levels with working 
memory function in late pregnancy.   

1. Introduction 

The transition to motherhood is profound, with evidence suggesting 
significant brain plasticity associated with the reproductive phase 
(Hoekzema et al., 2017; Luders et al., 2020). A considerable number of 
pregnant women experience some degree of subjective and objectively 
assessed cognitive changes, such as forgetfulness and reduced concen-
tration (Christensen et al., 2010; Logan et al., 2014), with memory 
deficits being most prevalent. The precise nature of pregnancy-related 
cognitive alterations remains poorly understood (Anderson and Ruth-
erford, 2012). A meta-analysis describing the impact of pregnancy on 

memory function, and a later review of this work, revealed reduced 
memory performance in pregnancy, specifically on measures of free 
recall and working memory executive components (Anderson and 
Rutherford, 2012; Henry and Rendell, 2007). 

Gestational endocrine alterations seem to be a plausible mechanism 
underlying pregnancy-related working memory alterations. Concentra-
tions of estradiol, estriol, progesterone and other hormones reach peak 
levels during the third trimester (Tulchinsky et al., 1972). Steroid hor-
mones have the potential to influence memory-related processes by 
altering activity in neurochemical pathways involved in cognitive pro-
cesses (Pawluski et al., 2009). For instance, in non-pregnant states, 
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estrogen was found to impair or improve working memory function 
(Barros et al., 2015; Sherwin, 2005). Likewise regarding progesterone, 
early work suggested both disruptive effects on memory formation and 
enhanced memory performance in different tasks (Frye et al., 2009; 
Hampson and Morley, 2013). Testosterone emerged as clinically rele-
vant for women’s cognition, especially regarding visuo-spatial abilities 
(Davis and Wahlin-Jacobsen, 2015). Some but not all studies found that 
cortisol – which also shows increased concentrations during pregnancy – 
seems to impair prefrontal cortex (PFC) functioning, consequently dis-
rupting working memory (Heffelfinger and Newcomer, 2001; Hoffman 
and Al’Absi, 2004; Lupien et al., 1994). Although previous studies 
suggest that certain hormones may modulate working memory in 
humans, these hormone-behavior links have not been extensively 
studied in pregnancy (Brown and Schaffir, 2019; Henry and Sherwin, 
2012), with the small number of studies yielding heterogeneous findings 
(Buckwalter et al., 1999; Glynn, 2010; Hampson et al., 2015). 

Genetic variation is another likely source of differences in response 
to hormonal alterations in pregnancy, and a focus on catechol-O- 
methyltransferase (COMT) is particularly relevant for research on 
working memory. The COMT enzyme is involved in the metabolic 
degradation of several catecholamine neurotransmitters, such as dopa-
mine (DA), noradrenaline and serotonin (Lee et al., 2015). Primarily, it 
regulates the amount of DA in the PFC (Durstewitz and Seamans, 2008), 
amygdala, and hippocampus, regions associated with working memory 
processing (Bertolino et al., 2006; Smolka et al., 2005). The VAL158MET 
(RS4680) is a common functional genetic variant within COMT, 
resulting in a valine (val) to methionine (met) mutation, which is 
strongly related to COMT enzyme activity. This mutation contributes to 
slower DA breakdown and increased synaptic DA availability, particu-
larly in the PFC. The met allele shows significantly lower enzymatic 
activity compared to the val allele, which is particularly relevant since 
subjects with one or two copies of the met allele are believed to have 
higher DA in the PFC (Chen et al., 2004). Some studies reported superior 
performances on measures of working memory in met allele carriers 
(Blasi et al., 2005; Goldberg et al., 2003). Relevant in the present 
context, one study examined associations between COMT, estradiol al-
terations, and working memory in healthy young women. The findings 
indicated that estradiol effects on working memory are dependent on the 
COMT genotype and enzymatic activity (Jacobs and D’Esposito, 2011). 
Specifically, in the low estradiol phase of the menstrual cycle, met/met 
carriers showed higher working memory performance than val/val 
carriers. Moreover, the met/met group showed significantly reduced 
PFC activation in the high estradiol phase, whereas the val/val group 
showed increased activation in the low estradiol phase. To the best of 
our knowledge, no study has investigated the COMT genotype in relation 
to working memory in pregnancy and pregnancy-related hormones. 

Given the potential significance of these factors for identifying def-
icits in working memory during pregnancy, previous findings need to be 
replicated and extended to genetic measures. Therefore, our aim was 
twofold: first, to investigate whether concentrations of multiple 
pregnancy-related hormones are associated with working memory 
function assessed by the DST in the third gestational trimester; second, 
to examine the COMT genotype as an effect modifier of hormonal 
exposure in prenatal working memory function in this population. 
Considering that earlier studies had varying results, we performed this 
as an exploratory study. 

2. Material and methods 

2.1. Study population 

This study is part of a longitudinal population-based panel study 
conducted from 2009 to 2019 in Uppsala County, Sweden, examining 
women’s pre and postnatal psychological well-being. All pregnant 
women attending the routine ultrasound examination at the Uppsala 
University Hospital at gestational weeks 17–20 received written 

information and were invited to participate in the BASIC (Biology, 
Affect, Stress, Imaging and Cognition) study. Inclusion criteria were a) 
age over 18 years, b) ability to communicate adequately in Swedish, c) 
normal pregnancy as diagnosed by routine ultrasound, d) non- 
confidential personal data, and e) no known blood-borne disease. 
Following recruitment, women who agreed to participate signed a 
written consent form. 

Participants of the current sub-study were recruited from the BASIC 
population-based panel study in mid-pregnancy and had already pro-
spectively completed questionnaires at inclusion and around gestational 
week 32. For this sub-study, consenting women attended a late preg-
nancy appointment (gestational weeks 35–39) at the research laboratory 
at the Department of Women’s and Children’s Health, Uppsala Univer-
sity. Appointments were scheduled between 8 h and 15 h, lasted for 
approximately 90 min, and included a psychiatric interview, psycho-
logical questionnaires, a detailed medical history, and saliva and venous 
blood sampling. Moreover, all women completed the WAIS-III Digit 
Span subtest (Wechsler, 1997). After collection, blood samples were 
immediately centrifuged and stored at − 70 ◦C. Ethics approval was 
obtained from the Regional Ethical Review Board in Uppsala before 
commencement of the study. 

Of 234 women who consented to participate and had relevant data 
on our variables of interest, N = 216 provided blood serum and saliva in 
late pregnancy. Among these, N = 155 presented no depressive symp-
toms at gestational week 32 (Edinburgh Postnatal Depression Scale (Cox 
et al., 1987, EPDS < 13). This sample size is similar to or larger than 
other studies in this area (e.g. Buckert et al., 2012), rendering the sample 
appropriate to answer our research questions. 

2.2. Measures 

2.2.1. Working memory assessment 
The Wechsler Digit Span Test (DST) (Wechsler, 1997) assesses verbal 

working memory. The examiner verbally presents digits at a rate of one 
per second in a specific order. In the digit forward (DF) task, the 
participant is required to repeat the digits verbatim, while in the digit 
backward (DB) task, the participant repeats the digits in reverse order. 
The test starts with two digits, subsequently increasing by one until nine 
(DF) and eight digits (DB) are received. The task is finished when the 
participant consecutively fails two trials of the same digit span length. 
The total score (DT) is a combination of the forward and backward test 
considering the participant’s age. To characterize working memory 
performance, it is crucial to report not only the separate forward and 
backward scores, but also the summary score (Fink et al., 2014). Raw 
scores were used for the forward and backward scales, and their sum as 
the total. Working memory was assessed during late pregnancy (35–39 
weeks). 

2.2.2. Hormone analyses 
Venous blood samples were collected in EDTA-containing tubes for 

DNA extraction and in serum vacutainer tubes for hormone analyses. 
Samples were stored at − 70 ◦C until analysis. Hormones used for this 
study included estradiol (free and total), progesterone, testosterone (free 
and total), and cortisol and its derivatives (e.g. cortisone, corticosterone, 
11-deoxycortisol). Estradiol and sex hormone-binding globulin (SHBG) 
were measured with competitive immunometry electro-
chemiluminescense detection in serum. Analyses were performed with a 
Roche Cobas601 and CobasElecsys estradiol and SHBG reagent kits 
(Roche Diagnostics, Bromma, Sweden). Total coefficient of variation 
(CV) for estradiol was 11% at 110 pmol/L and 3% at 2,000 pmol/L, and 
for SHBG 3% at 38–109 nmol/L. Serum albumin was determined using 
BCP reagent from Abbott Diagnostics (Abbott Park, IL) on an Architect 
16,000 (Abbott Laboratories) in serum. Total CV for serum albumin was 
2% at 28–55 g/L. All analyses were performed at the accredited labo-
ratory of the Department of Clinical Chemistry, Uppsala University 
Hospital. 
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Serum progesterone, testosterone, and cortisol and its derivatives (e. 
g. cortisone, corticosterone, 11-deoxycortisol) were analyzed with Ultra- 
Performance Convergence Chromatography (UPC2; Waters ACQUITY 
UPC2, Milford, MA) together with tandem mass spectrometry (XEVO 
TQ-S, Milford, MA). All analyses were performed with an Acquity UPC2 

BEH column (150 mm, 3.0 mm, 1.7 µm at 40 ◦C (Waters, Milford, MA, 
USA)). Sample preparation (100 µL of serum) involved liquid extraction 
together with derivatization into methoxyamine prior to analysis. Hor-
mone quantification was performed with multiple-reaction monitoring 
(MRM) coupled with stable isotope dilution mass spectrometry. All data 
collected in centroid mode were obtained using Masslynx NT4.1 soft-
ware (Waters Corp., Milford, MA USA). We ran duplicate analyses for 
each hormone sample and the average CV values were below 10%. Both 
serum and salivary cortisol were assessed. Briefly, salivary free cortisol 
was assessed using competitive ELISA (Salivary Cortisol Enzyme 
Immunoassay Kit, Salimetrics, Electra-Box, Diagnostica AB, Sweden) at 
the Department of Laboratory Medicine at Uppsala University Hospital. 

2.2.3. Genotyping 
DNA was extracted using the silica-based Kleargene™ XL nucleic 

acid extraction kit (®LGC, UK). Genotyping for the COMT VAL158MET 
(RS4680) was performed as part of the genome-wide association study 
using Illumina Global Screening Array-Multi Disease version2 (GSA- 
MDv2), at the SciLifeLab, Uppsala University. Allele frequencies were 
calculated to investigate deviation from Hardy-Weinberg equilibrium. 

2.2.4. Covariates 
Covariates were selected based on relevant literature regarding 

working memory and steroid hormones (e.g. Christopher and MacDon-
ald, 2005; Glynn, 2012; Murman, 2015; Springer et al., 2005). Cova-
riates included in all adjusted analyses were: parity, measured as a 
dichotomous variable (primipara vs. multipara), maternal age, measured 
in years as a continuous variable, maternal education, assessed as a 
dichotomous variable (university/college education vs. others) and 
depressive symptoms, assessed as a binary variable (EPDS>12 vs. EPDS≤
12). Considering that an elevated body mass index (BMI) may lead to a 
number of endocrine alterations in pregnant women (Maliqueo et al., 
2017) and has been associated with memory alterations (Cheke et al., 
2016), we also adjusted our analyses for maternal BMI (assessed as a 
categorical variable; BMI < 18.5, BMI=18.5–25, BMI ⩾ 25.1). Given that 
cortisol and its derivatives follow a strong diurnal rhythm, in analyses 
including these hormones we additionally controlled for time of blood 
sampling and albumin levels. Although 93.3% of participants reported 
sleeping six or more hours per night, we believe that it is relevant to 
control for potential differences between those sleeping > 8 h (29%; 
dichotomous variable, yes vs. no) and those sleeping for 6–8 h (64.3%; 
dichotomous variable, yes vs. no). Consequently, we controlled for the 
variable sleeping habits during pregnancy. We considered adding levels of 
pain during pregnancy as a covariate, but since 96.6% of participants 
reported no pain, the inclusion of this variable would be statistically 
problematic and was dropped. 

2.2.5. Statistical analyses 
Statistical analyses were performed using the IBM Statistical Package 

for the Social Sciences (SPSS Version 24 for Windows). Since most of the 
hormonal parameters and DST subscales were skewed, we applied log 
transformation using the formula log10 (value + 1). Visual inspections 
and Kolmogorov–Smirnov tests showed that some variables were still 
not normally distributed, although the skewness of the data improved. 
Therefore, we further used non-parametric tests with non-transformed 
values (e.g. Spearman correlations). Additionally, the log-transformed 
dependent variables were used in the regression models, in which the 
non-standardized residuals were checked for normality. To facilitate 
interpretation of regression coefficients, we divided each hormonal 
numerical variable by its standard deviation. Calculations of free 
estradiol and free testosterone were conducted using the Excel 

worksheet created by Mazer (2009), which is validated for use in 
third-trimester pregnant women (Kallak et al., 2017). The respective 
data were used in the Mazer worksheet: estradiol, testosterone, SHBG, 
cortisol, and albumin. For non-analyzed hormones (e.g. dihy-
drotestosterone, corticosteroid-binding globulin), default values were 
used (Mazer, 2009). We also calculated the area under the curve for 
salivary cortisol levels following awakening (0 min, 15 min, 30 min, 45 
min) with respect to ground (AUCg) and increase (AUCi). The AUCi and 
AUCg formulae derived from the trapezoid formula. For this, we needed 
the information regarding cortisol measurements and the time differ-
ences between measurements (Pruessner et al., 2003). AUCg calculation 
included time differences between single measurements as well as dif-
ferences between each measurement with respect to the ground (zero). 
Conversely, AUCi was calculated in relation to the first measurement 
(baseline). Whereas AUCg measures the total area under the curve with 
respect to the ground, AUCi represents the increase from the baseline 
value (Fekedulegn et al., 2007). 

We present descriptive data reporting bivariate associations between 
hormonal parameters, COMT RS4680, DST subscales, and sociodemo-
graphic characteristics. Group differences were analyzed with Man-
n–Whitney U test and the Kruskal-Wallis test. Spearman correlations 
were conducted between working memory and hormones. Regression 
analysis testing our primary aim focused on working memory in relation 
to hormonal parameters. In these analyses, we also examined the 
cortisol-to-cortisone ratio and progesterone-to-estradiol ratio in relation 
to DST scores. Only significant or borderline significant associations 
obtained with correlations between the DST subscales and the hormonal 
parameters were further assessed with adjusted multivariate linear 
regression models. All covariates were entered together with the hor-
monal parameter of interest. In the same regression model, we 
controlled for other hormones correlated with the hormonal parameter 
of interest. While modeling, diagnostics were undertaken to improve 
model specification, including testing for multicollinearity between the 
predictors. For all models, variables were kept in the model regardless of 
p-value. We used this same analytical approach to examine COMT 
RS4680 as an effect modifier of hormonal exposure. We tested whether 
our results were robust by implementing the approach of Keller (2014) 
to eliminate covariate x environment, gene x environment and covariate 
x gene interactions as potential confounds in our analytical models. 
After reporting the main analyses, we report stratified analyses to 
examine whether our predictive models hold significance in the sample 
without depressive symptoms (N = 155). Statistical significance was set 
at p < 0.05. 

3. Results 

The descriptive statistics of the study population are presented in  
Table 1. Most participants have a higher degree education and over 50% 
were multiparas. Male offspring (54.8%) were more common. 

Data for each separate hormonal parameter and for COMT RS4680 
had approximately normally distributed residuals. Multicollinearity was 
measured by variance inflation factors (VIF) and tolerance, and reached 
levels below 5 for all variables included in the regression models. 

3.1. Correlations between hormones and maternal working memory 

Cortisone correlated significantly with DF (rs = 0.13, p = 0.04), DB 
(rs = 0.19, p = 0.00) and DT (rs = 0.16, p = 0.01), and with cortisol, 11- 
deoxycortisol, and the cortisol-to-cortisone ratio; 11-deoxycortisol 
correlated significantly with DB (rs = 0.15, p = 0.02) and with 
cortisol, cortisone, corticosterone, progesterone, and total estradiol. 
Free estradiol correlated significantly with DT (rs = 0.15, p = 0.02) and 
with the cortisol-to-cortisone ratio. No other parameter correlated 
significantly with the DST subscales (see Table 2). Therefore, we further 
analyzed the predictive effects of cortisone, 11-deoxycortisol, and free 
estradiol in relation to the DST subscales. 
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3.2. Associations between hormones, maternal characteristics, and 
maternal working memory 

Group differences, analyzed with Mann–Whitney U test and the 
Kruskal-Wallis test, showed that women with a higher education (n =
165) scored higher on the working memory subscales than women with 
a lower educational level (n = 42). Moreover, women with a BMI < 18.5 
(n = 9) presented a significantly different 11-deoxycortisol concentra-
tion than women with a higher BMI (n = 195). (Supplementary Table 1). 

In the multivariate regression models, high DT scores in late preg-
nancy were predicted by high levels of free estradiol (B = 0.01, p =
0.03), sleeping > 8 h per night (B = 0.06, p = 0.03), and higher maternal 
education (B = 0.08, p = 0.00; see Table 3 and Fig. 1). A borderline 
association emerged between high free estradiol and DF and DB (B =
0.01, CI95% − 0.00 to 0.02, p = 0.09; B = 0.01, CI95% − 0.00 to 0.03, p 
= 0.07, respectively). When regressing 11-deoxycortisol in relation to 
working memory, we observed a non-significant association, but found a 
borderline association between serum cortisol and DB (see Supplemen-
tary material). Cortisone was not a significant predictor of DST scores. 
Depressive symptoms were not associated with the DST subscales in any 
model. Overall, the predictors explained 9.9% of the variance in DT. 

3.3. Associations between COMT RS4680, hormones, and maternal 
working memory 

The genotype frequency did not deviate from Hardy–Weinberg 
equilibrium. Kruskall-Wallis test revealed significant differences be-
tween two COMT RS4680 alleles in relation to parity (Suppl. Table 1). 
Dunn’s pairwise post hoc tests revealed that met/met carriers differed 
from val/val carriers insofar as the former had higher parity than the 
latter (p = 0.04). 

A regression model examining the main effects of the genetic, 

hormonal and environmental predictors accounted for a significant 
proportion of the variance in DF (R2 = 0.17, p< 0.01). We observed a 
significant interaction between free estradiol and maternal RS4680 in 
predicting DF: Women with the val/met alleles exhibited a significantly 
higher DF with increasing free estradiol, after covarying of psychosocial 
measures. This effect was specific to digit span forward. The model 
significance was lost after we applied the analytical approach suggested 
by Keller, which requires the inclusion of two-way interactions between 
the genetic predictor (G: COMT RS4680), the environmental factor (E: 
hormones), and all other covariates (C) within a linear model. The in-
clusion of all G x E, C x E, C x G terms substantially changed our results. 
Interaction terms were also non-significant (Suppl. Table 2). The fact 
that our G x E interaction did not remain significant after proper sta-
tistical adjustment means that our finding was mostly explained by 
covariates and not by the interaction term per se. All other hormonal 
parameters (11-deoxycortisol and cortisone) displayed null-findings 
(data not shown). 

3.4. Stratified analyses 

As depression has previously been shown to influence working 
memory performance, we examined whether our predictive models 
remained significant solely in the sample without depressive symptoms 
(EPDS<13; N = 155). Spearman correlations indicated that DF and DT 
correlated positively with free estradiol (rs = 0.17, p = 0.03; rs = 0.19, 
p = 0.01), whereas DB correlated negatively with total estradiol (rs = - 
0.18, p = 0.02). Total estradiol was significantly correlated with 11- 
deoxycortisol (rs = 0.29, p = 0.00), progesterone (rs = 0.29, p = 0.00), 
and progesterone-to-estradiol ratio (rs = - 0.57, p = 0.00), whereas free 
estradiol was not significantly correlated with other hormonal param-
eters. Total testosterone correlated significantly with DB (rs = - 0.16, 
p = 0.04) and with cortisol, cortisone, 11-deoxycortisol, progesterone, 

Table 1 
Sociodemographic characteristics.  

Variables N Missing Mean (SD) Median (IQR) % 

Maternal age 216 0  31.3 (4.50)     
Maternal BMI in pregnancy 209 7  23.9 (4.10)     
Maternal Education 209 7        

Other        20.1  
University/Higher Education        79.9 

Sleeping habits in pregnancy 210 6        
>6 h        93.3  
≤6 h        6.7 

Pain levels in pregnancy (N) 207 9      96.6 
Parity 210 6        

Primipara        44.8  
Multipara        55.2 

Prenatal working memory score DST          
Forward 214  2    9.00 (3.00)   
Backward 213  3    7.00 (3.00)   
Total 213  3    15.00 (5.00)  

Hormonal Data         
Estradiol (nmol/l) 216 0    87.0 (289)   
Free Estradiol (nmol/l) 216 0    0.45 (0.20)   
Testosterone (nmol/l) 216 0    2.01 (1.37)   
Free Testosterone (nmol/l) 216 0    0.09 (0.08)   
Cortisol (nmol/l) 216 0    163.2 (125)   
Cortisone (nmol/l) 216 0    87.7 (95.5)   
Corticosterone (nmol/l) 216 0    6.10 (3.67)   
11-Deoxycortisol (nmol/l) 216 0    3.51 (2.34)   
Progesterone (nmol/l) 216 0    164 (80.3)   
COMT rs4680  12       
val/val (G:G) 40       19.6 
met/met (A:A) 63       30.9 
val/met (G:A) 101       49.5 
Infant’s Data         
Sex 210 6        

Female        45.3  
Male        54.8 

Note: SD=standard deviation; IQR=interquartile range, N = no. 
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and total estradiol. No other hormones correlated significantly with the 
DST subscales. 

Next, we conducted multivariate adjusted regressions, which, after 
controlling for all relevant covariates, indicated that free estradiol was a 
significant predictor of DF (B = 0.01, p = 0.04) and DT (B = 0.01, 
p = 0.02; see Table 4). A borderline significant association was found 
between high free estradiol and DB (B = 0.01, CI95% − 0.00 to 0.03, 
p = 0.09). Total testosterone was negatively associated with DB (B =
− 0.03, CI95%, − 0.06 to − 0.00, p = 0.01; see Table 5, see also Suppl. 
Fig. 1). When regressing total estradiol in relation to the DST subscales, 
we observed a non-significant association, but found a borderline as-
sociation between progesterone and DB (see supplementary material). 
Finally, our model examining the effects of COMT RS4680 in relation to 
DST demonstrated a significant interaction only between free estradiol 
and the COMT RS4680 val/met alleles, insofar as val/met carriers 
showed higher DF scores with elevated free estradiol (B = 0.19, 
p = 0.03, R2 = 0.05). Again, however, our results were no longer sig-
nificant after applying the analytical approach suggested by Keller 
(Keller, 2014). 

4. Discussion 

We aimed to investigate whether concentrations of multiple 
pregnancy-related hormones were associated with working memory 
function assessed through the DST in the third gestational trimester; and 
to examine the COMT RS4680 genotype as an effect modifier of hor-
monal exposure in working memory function. We found associations 
between free estradiol and maternal working memory; free estradiol 
levels were positively associated with DT. In women without depressive 
symptoms, high levels of free estradiol were associated with increased 
performance in DF and DT, whereas total testosterone was negatively 
associated with DB. The COMT RS4680 genotype was not a modifier of 

Ta
bl

e 
2 

Co
rr

el
at

io
n 

m
at

ri
x 

be
tw

ee
n 

ho
rm

on
al

 p
ar

am
et

er
s 

an
d 

D
ST

 s
ub

sc
al

es
 (

N
 =

21
6)

.  
 

(1
) 

(2
) 

(3
) 

(4
) 

(5
) 

(6
) 

(7
) 

(8
) 

(9
) 

(1
0)

 
(1

1)
 

(1
2)

 
(1

3)
 

(1
4)

 
(1

5)
 

(1
6)

  

(1
) 

D
ST

 fo
rw

ar
d 

1.
00

   
   

   
   

   
   

   
   

(2
) 

D
ST

 b
ac

kw
ar

d 
.6

11
**

 
1.

00
   

   
   

   
   

   
   

  
(3

) 
D

ST
 to

ta
l 

.8
97

**
 

.8
61

**
 

1.
00

   
   

   
   

   
   

   
 

(4
) 

Co
rt

is
ol

 
.0

56
 

.1
20

 
.0

87
 

1.
00

   
   

   
   

   
   

   
(5

) 
Co

rt
is

on
e 

.1
37

* 
.1

91
**

 
.1

60
* 

.6
10

**
 

1.
00

   
   

   
   

   
   

  
(6

) 
Pr

og
es

te
ro

ne
 

.0
43

 
-.0

76
 

-.0
22

 
.1

02
 

.0
87

 
1.

00
   

   
   

   
   

   
 

(7
) 

11
-D

eo
xy

co
rt

is
ol

 
.1

16
 

.1
57

* 
.1

28
 

.4
28

**
 

.3
88

**
 

.2
73

**
 

1.
00

   
   

   
   

   
   

(8
) 

Co
rt

ic
os

te
ro

ne
 

.0
15

 
.0

78
 

.0
51

 
.7

14
**

 
.5

26
**

 
.0

54
 

.3
61

**
  

1.
00

   
   

   
   

   
 

(9
) 

To
ta

l E
st

ra
di

ol
 

.0
56

 
-.0

47
 

-.0
40

 
.0

46
 

.0
49

 
.2

98
**

 
.2

61
**

  
.0

18
 

1.
00

   
   

   
   

   
(1

0)
 F

re
e 

Es
tr

ad
io

l 
.1

15
 

.1
18

 
.1

58
* 

-.1
15

 
.0

10
 

-.0
30

 
-.0

50
  

-.0
51

 
.0

38
 

1.
00

   
   

   
   

  
(1

1)
 C

A
R_

 A
U

Cg
 

-.0
30

 
.0

42
 

.0
29

 
.0

64
 

.0
19

 
-.0

01
 

.0
20

  
.0

25
 

.0
49

 
.0

18
  

1.
00

   
   

   
   

(1
2)

 C
A

R_
 A

U
Ci

 
-.0

48
 

-.0
90

 
-.0

76
 

-.1
43

 
-.0

54
 

.0
46

 
-.0

03
  

-.1
37

 
.0

48
 

-.0
11

  
-.0

22
  

1.
00

   
   

   
 

(1
3)

 F
re

e 
Te

st
os

te
ro

ne
 

-.0
66

 
.0

27
 

-.0
32

 
-.0

63
 

.0
48

 
.0

44
 

.0
72

  
-.0

81
 

.0
55

 
.0

59
  

-.0
45

  
.0

36
  

1.
00

   
   

  
(1

4)
 T

ot
al

 T
es

to
st

er
on

e 
.0

50
 

-.0
49

 
-.0

07
 

.1
69

* 
.2

16
* 

.0
97

 
.1

15
  

0.
54

 
.2

08
* 

.0
73

  
.0

19
  

.0
76

  
.0

62
  

1.
00

   
   

(1
5)

 C
or

tis
ol

-to
-C

or
tis

on
e 

Ra
tio

 
-.0

80
 

-.0
71

 
-.0

63
 

.3
46

**
 

-.4
61

**
 

-.0
95

 
-.0

01
  

.1
23

 
-.0

60
 

-.1
37

* 
 

.0
56

  
-.1

24
  

-.1
14

  
-.1

04
  

1.
00

   
 

(1
6)

 P
ro

ge
st

er
on

e-
to

-E
st

ra
di

ol
 R

at
io

 
-.0

37
 

-.0
08

 
.0

13
 

.0
52

 
.0

16
 

.5
57

**
 

.0
03

  
.0

34
 

-.5
66

**
 

-.0
77

  
-.0

31
  

.0
31

  
-.0

44
  

-.0
70

  
-.0

21
  

1.
00

 

N
ot

e:
 *

 in
di

ca
te

s 
p 
<

.0
5,

 *
* 

in
di

ca
te

s 
p 
<

.0
1,

 C
A

R=
co

rt
is

ol
 a

w
ak

en
in

g 
re

sp
on

se
, A

U
Cg

=
ar

ea
 u

nd
er

 th
e 

cu
rv

e 
w

ith
 r

es
pe

ct
 to

 g
ro

un
d,

 A
U

Ci
=

ar
ea

 u
nd

er
 th

e 
cu

rv
e 

w
ith

 r
es

pe
ct

 to
 in

cr
ea

se
. 

Table 3 
Linear multivariate regression analyses for DST subscales in relation to free 
estradiol (N = 216).  

Predictors B CI (95%) p 

DST Forward     
Maternal age -0.00 -0.00–0.00 n.s.  
Sleeping habits during pregnancy (>8 h) 0.04 -0.01–0.09 n.s.  
Sleeping habits during pregnancy (6–8 h) 0.03 -0.0.3–0.06 n.s.  
BMI during pregnancy 0.00 -0.02–0.03 n.s.  
Maternal depressive symptoms -0.00 -0.03–0.02 n.s.  
Maternal education 0.06* 0.02–0.09 0.01  
Parity -0.00 -0.03–0.02 n.s.  
Cortisol-to-cortisone ratio -0.01 -0.01–0.00 n.s.  
Free estradiol 0.01 -0.00–0.02 n.s. 

DST Backward     
Maternal age -0.00 -0.00–0.00 n.s.  
Sleeping habits during pregnancy (>8 h) 0.03 -0.05–0.11 n.s.  
Sleeping habits during pregnancy (6–8 h) 0.00 -0.07–0.08 n.s.  
BMI during pregnancy 0.00 -0.03–0.04 n.s.  
Maternal depressive symptoms 0.02 -0.02–0.06 n.s.  
Maternal education 0.12*** 0.06–0.17 0.00  
Parity 0.01 -0.03–0.05 n.s.  
Cortisol-to-cortisone ratio -0.00 -0.02–0.01 n.s.  
Free estradiol 0.01 -0.00–0.03 n.s. 

DST Total     
Maternal age -0.00 -0.00–0.00 n.s.  
Sleeping habits during pregnancy (>8 h) 0.06* 0.00–0.12 0.03  
Sleeping habits during pregnancy (6–8 h) 0.01 0.00–0.03 n.s.  
BMI during pregnancy 0.01 -0.02–0.04 n.s.  
Maternal depressive symptoms -0.01 -0.04–0.02 n.s.  
Maternal education 0.08*** 0.04–0.12 0.00  
Parity -0.00 -0.03–0.03 n.s.  
Cortisol-to-cortisone ratio 0.00 -0.01–0.00 n.s.  
Free estradiol 0.01* 0.00–0.03 0.03 

Note: B= unstandardized coefficients, CI95%= confidence interval, * indicates 
p < .05, ** indicates p < .01, *** indicates p < .001, CI (95%) indicates 95% 
confidence interval. BMI indicates body mass index. 
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hormonal exposure in working memory function. 
Although elevated free estradiol concentrations were significantly 

associated with better performance in the DST in our sample, this as-
sociation has not been consistently found. Some studies in non-pregnant 
populations revealed an improvement in working memory among 
women receiving estrogen treatment (Duff and Hampson, 2000), 
whereas others reported null-findings (Wolf et al., 2005). Estradiol 
concentrations rise dramatically during late gestation (Tulchinsky et al., 
1972), making this period a potential basis for evaluating estradiol’s 
impact on memory. However, previous works in the perinatal phase are 
scarce and inconclusive (Henry and Sherwin, 2012). For instance, 
Hampson and colleagues (2015) found positive effects of high estradiol 
concentrations on pregnant women’s working memory, but limited to 

non-depressed participants. By contrast, Henry and Sherwin (2012) did 
not find consistent associations between estradiol and working memory 
performance in women who completed several neuropsychological 

Fig. 1. Hormonal parameters and covariates effects on DST sub-scales (N = 216). Note: Estimates stem from multivariate linear regressions with robust standard 
errors. We Included BMI, parity, maternal age, maternal education, maternal depressive symptoms, sleeping habits and cortisol-to-cortisone ratio. 

Table 4 
Linear multivariate regression analyses for DST subscales in relation to free 
estradiol in women without depressive symptoms (N = 155).  

Predictors B CI (95%) p 

DST Forward     
Maternal age -0.00 -0.00–0.00 n.s.  
Sleeping habits during pregnancy (>8 h) 0.04 -0.02–0.11 n.s.  
Sleeping habits during pregnancy (6–8 h) 0.01 -0.05–0.07 n.s.  
BMI during pregnancy 0.00 -0.02–0.03 n.s.  
Maternal education 0.06* 0.01–0.10 0.01  
Parity -0.01 -0.05–0.01 n.s.  
Free estradiol 0.01* 0.00–0.02 0.04 

DST Backward     
Maternal age -0.05 -0.01–0.00 n.s.  
Sleeping habits during pregnancy (>8 h) 0.04 -0.05–0.14 n.s.  
Sleeping habits during pregnancy (6–8 h) 0.01 -0.08–0.10 n.s.  
BMI during pregnancy 0.00 -0.04–0.04 n.s.  
Maternal education 0.12*** 0.05–0.19 0.00  
Parity 0.00 -0.04–0.04 n.s.  
Free estradiol 0.01 -0.00–0.03 n.s. 

DST Total     
Maternal age -0.00 -0.00–0.00 n.s.  
Sleeping habits during pregnancy (>8 h) 0.06 -0.00–0.12 n.s.  
Sleeping habits during pregnancy (6–8 h) 0.02 -0.03–0.08 n.s.  
BMI during pregnancy 0.00 -0.02–0.03 n.s.  
Maternal education 0.08*** 0.04–0.13 0.00  
Parity -0.01 -0.04–0.02 n.s.  
Free estradiol 0.01* 0.00 –0.03 0.02 

Note: B= unstandardized coefficients, CI95%= confidence interval, * indicates 
p < .05, ** indicates p < .01, *** indicates p < .001, CI (95%) indicates 95% 
confidence interval. BMI indicates body mass index. 

Table 5 
Linear multivariate regression analyses for DST subscales in relation to total 
testosterone in women without depressive symptoms (N = 155).  

Predictors B CI (95%) p 

DST Forward     
Maternal age -0.00 -0.00–0.00 n.s.  
Sleeping habits during pregnancy (>8 h) 0.04 -0.02–0.11 n.s.  
Sleeping habits during pregnancy (6–8 h) 0.00 -0.06–0.06 n.s.  
BMI during pregnancy -0.00 -0.03–0.03 n.s.  
Maternal education 0.05 0.01–0.10 0.01  
Parity -0.02 -0.05–0.01 n.s.  
Cortisol 0.00 0.00–0.00 n.s.  
Cortisone 0.00 0.00–0.00 n.s.  
Progesterone 0.00 -0.00–0.01 n.s.  
11-Deoxycortisol 0.00 0.00–0.00 n.s.  
Total Testosterone -0.00 -0.02–0.01 n.s. 

DST Backward     
Maternal age -0.00 -0.01–0.00 n.s.  
Sleeping habits during pregnancy (>8 h) 0.05 -0.03–0.14 n.s.  
Sleeping habits during pregnancy (6–8 h) 0.01 -0.06–0.10 n.s.  
BMI during pregnancy 0.02 -0.01–0.06 n.s.  
Maternal education 0.10 0.04–0.17 0.01  
Parity -0.03 -0.00–0.00 n.s.  
Cortisol 0.00 0.00–0.00 n.s.  
Cortisone 0.00 0.00–0.00 n.s.  
Progesterone 0.00 0.00–0.00 n.s.  
11-Deoxycortisol 0.01 0.00–0.02 n.s.  
Total Testosterone -0.03 -0.06- − 0.00 0.01 

DST Total     
Maternal age -0.00 -0.00–0.00 n.s.  
Sleeping habits during pregnancy (>8 h) 0.06 -0.00–0.12 n.s.  
Sleeping habits during pregnancy (6–8 h) 0.02 -0.04–0.08 n.s.  
BMI during pregnancy 0.00 -0.02–0.04 n.s.  
Maternal education 0.07 0.03–0.12 0.01  
Parity -0.02 -0.05–0.00 n.s.  
Cortisol 0.00 0.00–0.00 n.s.  
Cortisone 0.00 0.00–0.00 n.s.  
Progesterone -0.00 0.00–0.00 n.s.  
11-Deoxycortisol 0.00 -0.01–0.01 n.s.  
Total Testosterone -0.01 -0.03–0.00 n.s. 

Note: B= unstandardized coefficients, CI95%= confidence interval, * indicates 
p < .05, ** indicates p < .01, *** indicates p < .001, CI (95%) indicates 95% 
confidence interval. BMI indicates body mass index. 
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tests, including the DST, at gestational weeks 34–38. Previous studies 
evaluating working memory using the DST in pregnant women versus 
controls also yielded discrepant findings, with some (Janes et al., 1999), 
but not others (Casey, 2000; Onyper et al., 2010), reporting significant 
group differences. It is unclear why higher free estradiol was associated 
specifically with the DF and DT tasks in our sample. Free estradiol was 
marginally associated with DB, which might have contributed to the 
associations found with DT. The forward and backward digit span are 
conceptually distinct tasks, involving different cognitive skills. It has 
been suggested that DB engages the working memory system to a greater 
extent than DF, since the former implicates the use of visuospatial im-
agery and the latter uses verbal representation (Hoshi et al., 2000). 
Verbal tasks primarily activate the dorsolateral PFC left hemispheric 
regions, whereas spatial tasks stimulate only right hemispheric regions 
(Smith et al., 1996). Animal behavior studies confirm that hormonal 
changes, particularly estradiol changes, may lead to altered perfor-
mance on memory tasks involving different brain areas such as those 
used in DB and DF (Tunur et al., 2010). 

In our study, non-depressed participants exhibited better DB per-
formance in the presence of reduced total testosterone levels. The in-
fluence of testosterone on women’s cognitive functions remains 
unexplored (Möller et al., 2010). In men, testosterone has been associ-
ated with higher performance on spatial tests and lower performance on 
verbal tests (Christiansen, 1998). In women, the small number of studies 
on the effect of testosterone on brain and cognition reported conflicting 
findings (Wierman et al., 2006). For instance, in a study in women with 
polycystic ovary syndrome, increased testosterone levels contributed to 
worse performance on verbal fluency, but no effects were reported on 
the Digit Span Test (Schattmann and Sherwin, 2007). Sherwin (1988) 
compared effects of treatment with estrogen alone, estrogen and 
testosterone, and testosterone alone in young oophorectomized women, 
and found that estrogen alone and combined with testosterone exerted 
positive effects on working memory (Sherwin, 1988). The few studies 
evaluating women’s cognition in pregnancy in relation to hormones 
(Buckwalter et al., 1999; Hampson et al., 2015; Henry and Sherwin, 
2012) reported no consistent associations between working memory and 
testosterone. Our finding is comparable with studies conducted in men. 
However, the fact that low levels of total testosterone already exerted an 
effect on DB is uncommon and warrants further investigation. 

The COMT genotype is relevant when examining working memory 
(Karoum et al., 1994). In our sample, we initially observed a significant 
interaction between free estradiol and maternal RS4680 in predicting 
DF. However, additional analysis adequately controlling for covariates 
yielded no significant effects of COMT genotype on working memory. A 
recent meta-analysis examining COMT genotype associations with 
working memory and intelligence corresponds to our findings, implying 
that there is no strong evidence for an association between the COMT 
genotype and different working memory measures (Geller et al., 2017). 
Conversely, Esposito and colleagues (2011) demonstrated that estradiol 
variation during the menstrual cycle interacted with COMT genotype, 
consequently influencing working memory performance. It has been 
suggested that some working memory tasks may be more sensitive to 
COMT effects than others, since the abilities required to perform them 
may not involve the same PFC circuitry (Wardle et al., 2013). To the best 
of our knowledge, our study is the first to investigate the COMT geno-
type in relation to working memory in pregnancy and pregnancy-related 
hormones. Moreover, evidence related to the potentially moderating 
role of the COMT genotype in the relationship between hormonal pa-
rameters and working memory is scarce. Our finding is relevant in 
showing that prenatal working memory measured with the DST does not 
seem to differ across groups of COMT polymorphism. 

In a first bivariate analysis, we found that total estradiol was nega-
tively associated with DB, supporting previous evidence suggesting 
memory impairments in pregnancy. However, this association was 
mostly explained by covariates. After adjustments, our data revealed 
that increased free estradiol in late pregnancy improved DF and DT 

scores rather than contributed to a deficit. An improvement in certain 
cognitive abilities at 2 years postpartum as compared to late pregnancy 
has been described, implying possible enhancing effects of motherhood 
on female memory (Buckwalter et al., 2001). This is highly relevant 
since working memory plays a significant role in caregiving behaviors 
and interactions. It has been shown that enhanced working memory 
contributes to parents’ understanding of infants’ cues, facilitating an 
adequate behavioral response to meet infants’ needs (Mazursky-Hor-
owitz et al., 2018). Moreover, individuals with increased DT exhibited 
lower reactive negativity and reduced likelihood of harsh parenting 
(Deater-Deckard et al., 2010, 2012), consequently being more likely to 
show positive reactions in response to infants’ difficult behaviors. 
Conversely, poorer working memory performance has been associated 
with less sensitive parenting (Gonzalez et al., 2012). 

Our findings showed a significant effect of sleep only with DT in the 
full sample, suggesting that in pregnancy, other predictors had a more 
substantial role than sleep. Important correlates of memory perfor-
mance, specifically evaluated with the DST, are age and education 
(Ostrosky-Solís and Lozano, 2006). In our adjusted analyses, high scores 
on the DST subscales were associated with higher maternal education, 
but not with age. Some authors indicated that age is a stronger predictor 
than education on the DST (Hester et al., 2004), whereas others found 
education to be the strongest predictor (Ardila et al., 2000). In accor-
dance with previous data, more literate subjects showed better DST 
performance. Moreover, DST performance seems to be sensitive to years 
of formal education, suggesting this to be a factor influencing the 
cognitive processes required to perform the tasks. It should be noted that 
the variance explained sample characteristics together with hormone 
levels and the COMT genotype found in this study was generally low, 
leaving scope for other determinants of working memory performance. 

Our results differ from early evidence. Hormonal parameters previ-
ously shown to exert deleterious or beneficial effects on working 
memory yielded null-findings in the present analysis. Factors such as 
assessment time, gestational age, or the working memory test may have 
contributed to this lack of association. Moreover, different brain regions 
are involved in different working memory tasks, in which hormones may 
act differently. We also reported differential findings for full and strat-
ified samples. It has long been noted that depressed individuals show a 
deficit in cognitive function, including impairment in both qualitative 
and quantitative aspects of information storage (Salthouse, 2012; Vytal 
et al., 2013). Although the interrelation between maternal depression 
and difficulties in working memory has been previously examined, the 
results were conflicting (Buckwalter et al., 1999; Farrar et al., 2014; 
Logan et al., 2014). Our findings concur with another study in a 
non-pregnant depressed population, which reported reduced perfor-
mance on the DF task in individuals with depressive symptoms (Mondal 
et al., 2007). 

This study is not without limitations. Caution is warranted when 
interpreting these findings due to the relatively small and rather ho-
mogeneous, highly educated sample. The results cannot be generalized 
to the Swedish general population, who generally have a lower level of 
education. Furthermore, we did not use several working memory in-
struments, therefore limiting the generalization of our results only to 
other works employing the Digit Span Test. Although over 90% of our 
sample reported sleeping for 6 or more hours per night, we did not note 
participants’ chronotype. Strengths of the present study include the use 
of sensitive hormone analysis combined with genetic analyses, the 
investigation of samples with and without depressive symptoms, and 
appropriate statistical adjustment for the effects of critical characteris-
tics, including BMI, parity, maternal age, educational level, and inter- 
related hormones. 

5. Conclusion 

In sum, we identified a positive association between free estradiol 
concentrations and working memory during late pregnancy, whereas 
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lower total testosterone levels enhanced memory components. No sig-
nificant differences were found when taking the COMT genotype into 
account. As expected, education also seems to influence maternal 
working memory proficiency. The impact of these associations on 
maternal behavior needs to be elucidated. It would be most interesting 
for future studies examining working memory in mothers and mothers- 
to-be to also include baseline levels before pregnancy, and even employ 
measures such as face memory tasks or facial recognition tests, given 
their importance for maternal care. 
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Swedish Brain Foundation; Marianne and Marcus Wallenberg Founda-
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