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The impact of prolonged
high-concentration cortisol exposure

on cognitive function and risk factors:
Evidence from Cushing’s disease patients
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Abstract

Background: Prolonged high-concentration cortisol exposure may impair cognitive function, but its mechanisms and
risk factors remain unclear in humans.

Objective: Using Cushing’s disease patients as a model, this study explores these effects and develops a predictive model
to aid in managing high-risk patients.

Methods: This single-center retrospective study included 107 Cushing’s disease patients (January 2020—January 2024) at
the First Medical Center of the PLA General Hospital. Cognitive function, assessed using the Montreal Cognitive
Assessment, revealed 58 patients with cognitive impairment and 49 with normal cognitive function. Patients were divided
into training (n=53) and validation cohorts (n=54) for constructing and validating the predictive model. Risk factors
were identified via univariate analysis and least absolute shrinkage and selection operator regression, and a nomogram
prediction model was developed. Performance was evaluated using receiver operating characteristic (ROC) curves, cali-
bration curves, and decision curve analysis (DCA).

Results: Cortisol AM/PM ratio, 8 a.m. cortisol concentration, body mass index, and fasting plasma glucose were signifi-
cant risk factors for cognitive impairment. The nomogram demonstrated strong predictive ability, with ROC values of
0.80 (training) and 0.91 (validation). DCA indicated superior clinical utility compared to treating all or no patients.
Conclusions: This study confirms the significant impact of prolonged high cortisol exposure on cognitive function and
identifies key risk factors. The nomogram model offers robust performance, providing a valuable tool for managing
Cushing’s disease patients’ cognitive health and informing strategies for other cortisol-related disorders.
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Introduction

Chronic stress and prolonged pressure increasingly pose sig-
nificant burdens on individual health and social systems, par-
ticularly on a global scale. Their impact on cognitive function,
mental health, and physical well-being cannot be ignored.'
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Long-term stress responses and sustained exposure to pressure
not only elevate the risk of multiple diseases but also result in
considerable socioeconomic burdens. According to the World
Health Organization (WHO), approximately 300 million
people worldwide suffer from depression, with stress and emo-
tional disorders being critical contributing factors.> This
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phenomenon may be associated with prolonged exposure to
high concentrations of cortisol induced by chronic stress.’
Such long-term elevated cortisol exposure is thought to exert
adverse effects on multiple systems, including the nervous
system, leading to anxiety, depression, and cognitive impair-
ment. While the roles of anxiety and depression have been
well established,* the specific impact on cognitive function
remains unclear.

Research suggests that abnormally elevated cortisol levels
significantly affect brain structure and function. The hippo-
campus, a key target highly sensitive to cortisol and central
to learning and memory, is particularly affected. High cortisol
exerts its effects through glucocorticoid receptors and min-
eralocorticoid receptors in the hippocampus, mediating neuro-
physiological responses. Prolonged activation may lead to
neuronal damage, reduced neuroplasticity, and cognitive
impairment.”® Additionally, brain regions such as the pre-
frontal cortex and amygdala are also impacted, potentially
causing attentional deficits, impaired executive function, and
emotional regulation disturbances.” Furthermore, abnormal
diurnal cortisol rhythms are closely linked to neuroinflamma-
tion, oxidative stress, and cerebrovascular lesions.®® These
mechanisms may interact synergistically to exacerbate cogni-
tive impairment. While animal studies provide substantial evi-
dence for cortisol’s effects on cognitive function, human
studies face ethical constraints and experimental limitations.
The lack of models for long-term stress and pressure in
humans, coupled with challenges in conducting long-term
follow-ups, highlights the need for suitable research subjects.

Cushing’s disease is an endocrine disorder caused by
excess adrenocorticotropic hormone (ACTH) secretion by
anterior pituitary adenomas, leading to abnormally elevated
cortisol levels.'” The unique pathological features of
Cushing’s disease offer a natural model for studying the
effects of prolonged high cortisol exposure on human cogni-
tive function. Patients with Cushing’s disease often experience
cognitive impairments, with clinical manifestations including
memory decline, attention deficits, and impaired executive
function.!13 However, the specific mechanisms and risk
factors underlying these impairments remain unclear.

Against this backdrop, this study uses Cushing’s disease
patients as subjects to systematically evaluate the impact of pro-
longed high cortisol exposure on cognitive function and analyze
associated risk factors. Additionally, we develop a nomogram
prediction model aimed at improving the identification of high-
risk patients, providing a reference for clinical interventions, and
offering new perspectives and evidence for the cognitive man-
agement and research of cortisol-related disorders.

Methods

Study subjects

This study is a single-center retrospective study that
included 107 patients diagnosed with Cushing’s disease at

the First Medical Center of the PLA General Hospital
between January 2017 and January 2024. Inclusion criteria
were as follows: (i) meeting the WHO diagnostic criteria for
Cushing’s disease; (ii) disease duration >3 months; (iii) no
prior surgical treatment; (iv) complete laboratory and
imaging data; (v) no other neurological or psychiatric disor-
ders that could cause cognitive impairment (e.g., dementia,
depression, stroke). Exclusion criteria included: (i) disease
duration <3 months; (ii) prior surgical treatment; (iii)
missing critical baseline or laboratory data; (iv) severe
visual or hearing impairments that could affect cognitive
testing results. A total of 107 patients were included in
the study, among whom 58 had cognitive impairment and
49 exhibited mild cognitive decline. Cognitive function
was classified as follows: Montreal Cognitive Assessment
(MoCA) score <26 was defined as cognitive impairment,
27-29 as mild cognitive decline, and 30 as normal cognitive
function.

Study design

A random allocation method was used to divide all
patients into a training cohort (n=153) and a validation
cohort (n=54) at a 5:5 ratio. The training cohort was
used for variable selection and predictive model develop-
ment, while the validation cohort was used for perform-
ance evaluation of the model. The study was approved
by the hospital ethics committee (approval number:
[S2021-677-01]).

Clinical data collection

Clinical characteristics and laboratory data of patients were
obtained from the hospital’s electronic medical record
system and included the following: (i) Demographic and
clinical characteristics: age, sex, disease duration, years of
education, body mass index (BMI), systolic blood pressure,
and diastolic blood pressure; (ii) Laboratory indicators:
fasting plasma glucose (FPG), 24-h urinary free cortisol,
serum cortisol concentrations (0 am., 8 am., 4 p.m.),
ACTH concentrations (0 a.m., 8 a.m., 4 p.m.), total choles-
terol, triglycerides, alanine aminotransferase, aspartate ami-
notransferase, gamma-glutamyl transferase, cortisol AM/
PM ratio (CORT AM/PM), and results of low-dose dexa-
methasone suppression tests and high-dose dexamethasone
suppression tests; (iii) Cognitive function assessment: con-
ducted using the MoCA scale.

Statistical analysis and model development

Categorical variables were expressed as numbers (%), and
continuous variables as mean + standard deviation (SD) or
median (interquartile range, IQR). Intergroup comparisons
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were performed using the chi-square test or Fisher’s exact test
for categorical variables. A nomogram was constructed to
predict the risk factors for cognitive impairment in patients
exposed to prolonged high cortisol levels. Significant clinical
features associated with cognitive function were identified
through univariate analysis and least absolute shrinkage and
selection operator (LASSO) regression analysis.

Based on the final results, a novel nomogram was devel-
oped, incorporating all independent prognostic factors to
predict the presence or absence of cognitive impairment
in individuals exposed to prolonged high cortisol levels.
The performance of the nomogram was evaluated using
the concordance index (C-index), area under the receiver
operating characteristic (ROC) curve (AUC), calibration
curves, and decision curve analysis (DCA). The C-index
was calculated using 1,000 bootstrap samples to assess
the internal validity of the model. Each patient’s total
score was calculated using the nomogram approach.

Statistical analysis was performed using R programming
language and version 4.2.3 of the R environment (http:/
cran.r-project.org). The main R packages used in this
study included gtsummary (version 1.7.0), survival
(version 3.5-3), RMS (version 6.3-0), time ROC (version
0.4), and ggplot2 (version 3.4.0).

Results

Patient characteristics

A total of 107 patients with Cushing’s disease were
included in this study. MoCA scores revealed that all
patients exhibited either cognitive decline or impairment.
Among them, 58 patients (54.2%) were classified into the
cognitive impairment group, and 49 patients (45.8%)
were categorized into the cognitive decline group.
Significant differences were observed in demographic char-
acteristics and clinical indicators between the two groups.
Detailed information is presented in Table 1.

Model development

In the modeling cohort, LASSO regression analysis was used
for variable selection. The regression coefficient path diagram
and cross-validation curve are shown in Figure 1A and 1B.
To ensure a good model fit, the A corresponding to the
minimum mean squared error was chosen through cross-
validation. Four variables were identified through LASSO
regression analysis: CORT AM/PM, COR-8am, FPG, and
BMI. These variables were ultimately deemed risk factors for
cognitive impairment associated with prolonged high cortisol
exposure. Based on these four significant variables, a nomo-
gram was developed to predict cognitive impairment under pro-
longed high cortisol exposure, and the model was visualized
using a nomogram (Figure 2).

Model performance and validation

To comprehensively evaluate the model’s performance,
multiple metrics were employed to verify its accuracy, sta-
bility, and clinical utility, including the concordance index
(C-index), AUC, calibration curves, and DCA. The AUC
values for the training cohort (Figure 3A) and the internal
validation cohort (Figure 3B) were 0.80 and 0.91, respect-
ively. These results indicate that the nomogram model
effectively distinguishes patients with cognitive impairment
in different sample datasets and demonstrates strong pre-
dictive accuracy. Calibration curves showed a high level
of agreement between the predicted and actual probabilities
of cognitive impairment in both the training cohort
(Figure 4A) and the validation cohort (Figure 4B), further
confirming the model’s stability and utility.

To assess the clinical utility of the model, DCA was per-
formed (Figure 5). The results demonstrated that the clinical
benefit of using the model to predict cognitive impairment
was significantly higher than strategies of treating all
patients or treating none (Figure 5). This finding suggests
that the nomogram model provides substantial net benefit
in clinical decision-making, effectively aiding clinicians
in identifying high-risk patients and implementing appro-
priate interventions.

Discussion

This study used patients with Cushing’s disease as a model
to investigate the effects of prolonged high-concentration
cortisol exposure on human cognitive function. The find-
ings revealed that individuals exposed to long-term high
cortisol levels generally experienced cognitive decline,
with the CORT AM/PM, COR-8am, BMI, and FPG identi-
fied as major risk factors for cognitive impairment.
Additionally, the developed nomogram model demon-
strated excellent predictive performance in both the training
(AUC =0.80) and validation (AUC =0.91) cohorts, high-
lighting its strong discriminative ability and clinical
utility. These findings provide a foundation for mechanistic
research and clinical management of prolonged high corti-
sol exposure.

BMLI, FPG, CORT AM/PM, and COR-8am, as risk factors,
are closely related to cortisol levels and its effects on the
nervous system. Increased BMI was identified as an independ-
ent risk factor for cognitive impairment, likely due to chronic
inflammation and oxidative stress caused by metabolic disor-
ders.'*'° Obesity and elevated cortisol levels may form a
vicious cycle, further exacerbating damage to the nervous
system. Studies have shown that reduced cerebral blood flow
and neuronal damage in obese individuals are directly linked
to cognitive impairment,'” underscoring the importance of
monitoring metabolic status in Cushing’s disease patients.
High blood glucose was another critical risk factor, potentially
affecting cognitive function through various mechanisms:


http://cran.r-project.org
http://cran.r-project.org
http://cran.r-project.org

Journal of Alzheimer's Disease Reports

"|os0d 934y AJeulan D4 ‘saplIadA|3Ln
1D {[oJ433s3j0Yd [€10] )| ‘2unssaud poojq d1joIsAs :dgs ‘sI3sa1 uolssaiddns suoseyswiexap 3sOp-Mmo| 1] S ‘SIse uoissauddns suoseyiswexap asop-ydly 1] SAH ‘eseddysueay [AwelnjS-ewwesd ;) 5o
‘asoon|3 ewse|d Bunsey :Hd4 2anssaud poojq d1joIseIp :dg {OSII0D {1 YOD/HOD Xapul ssew Apoq ‘|||g ‘SSelajsuelioulwe el edse ;| S 9SEISUBIIOUIWE SUIUE(E : |y ‘duouwlioy 31do110331000uaIpE \H | DV

100°0> &1 s1°1) szl (T'1 ‘88°0) SO'I €1 ‘66°0) 61°1 (£O10) vepsly ‘WdIWY LNOD
100°0> (01 ‘s0°2) S6'8 (6¥'L ‘€8%) LS (99'6 ‘€¥'5) T9°L (£O‘1D) uepaly ‘Dd4
€160 (6'1% “T€17) s6'8T (6'S¥ ‘97T L'9T (STHP ‘SL'1D) 9°LT (€O'1D) vepsly 19D
¥81°0 (s¥'81 ‘T9°€1) S€91 (s81°2T1) 1'¥1 (581 ‘€1) TSI (£O°1D) vepsly LSV
SE0 (€¥€ ‘sk'81) 98°€C (€€ ‘8'S1) £0T (£g€ ‘S9L1) €T (£O‘10) uepsy 1TV
1980 (L6'1 ‘66°0) T (1% ‘66°0) 6€°1 (0T ‘66'0) T (£O°10) uepaly ‘D1
98€°0 (1€9 ¥¥¥) $TS (s ‘1vv) 6w (L1'9 ‘9%¥) €1°S (£O'1D) ueips ‘DL
1760 #11°‘sv6) ST01 (611 ‘06) SOI (s911 “z6) SOl (cO*1D) veipsly dgaa
6790 SLSTFTT09I L99TF 9L LS| 80'9TF 60651 as F uesly dgS
8850 (EH'€T6 ‘STOVI) ¥16€ (162 ¥821) T18T (98'0/8 ‘6'0€1) 6°9¢€ (£O°10) vepaly “O4N-LSAAH
7990 (8£°9S¢€ ‘ST9L) 95°£1T (F88be “L19) £TTT (1€%S€ “1+779) £TTT (£O*1D) uepaly ‘140ODLSAAH
L£8°0 (SFv1 ‘Trs) TI6 (991 ‘16'%) 8¥'8 (£'s1T9) 188 (£D°1D) ueips ‘HLDOV-LSAdH
6850 (ez°010T ‘T9°089) 00T (6°61+T ‘v +SY) 9088 (T'£L0T ‘6°1€S) 870501 (£D1D) ueipaly “D4N-LSAAT
9090 (£718L ‘9L'86€) L£'899 (81'T6L ¥09€) €9°108 (19'£8L ‘9°06€) S6TES (£O10) uepaly 1NOD-LSAAT
§SS°0 (VARY A AR EYAA (90T ‘s€'8) 191 (Sr1z1ge) 691 (£O°10) uepaly ‘H1DV-LSAA
€10 (zo's6LT ‘s8'8911) 1€61 (90707 “£'T601) €8¥1 (S£710ST ‘T 1 1) 67491 (eO'10) veps “D4N
SLT0 (S1'sz‘se0l) 991 (9zT vol1) 9°€l (szzT‘syol) 651 (£O10) vepay ‘wdyH1DV
£T0°0 (Lzozsce) ¥Ll #61 ‘901) €¢I (sgT 1) sl (£O*1D) ueipa| ‘wiegH 1DV
v110 (1561 ‘£56) S6°€1 (TL1‘9%'8) 11 (81 ‘T0'6) +'TI (£O*1D) uepsy ‘wegH 1DV
601°0 (88°€08 ‘¥£°€09) €059 (81°8£9 ‘6'TLY) €865 (LIVPL P17 16F) 617619 (£O10) vepsly ‘wdp-4yODd
100°0> 6TLITF 17128 64161 F9TTI9 €06STF€9'STUL ds F uesy ‘Weg-yoODd
5100 90917 F ¥6'609 L8'S81 F69°€1S €5°£0T F98'595 as F uesly ‘WeQ-yOd
90 (8¥ ‘1) €¢ (8% ‘T1) ¥T (8% ‘21) 9t (£O*1D) ueipa}y ‘uoneanp ssaujj|
100°0> 6L'€F618T STTF6¥'ST IHEFI0LL as ¥ uesly ‘IWg
S€8°0 (S1‘sT8) Tl (919 Tl (918 Tl (£O°1D) ueipsly A uoneanp3
800 9601 FL6TH IT11F91'6€ 6I'1IFTTIY Qs F uesy ‘e3e
(16) €5 (06) ¥+ (16) 26 4

6 s (o1 s (6) 01 I

| (%) u xas

d (85=u) | (6¥=u) 0 (201 =u) @01 S9|qQRIIEA

‘syuaped jo

SONSII9dBIRYD [BJDUSE) °| d|qeL



Sun et al.

26 26 19 13 7 3

27 27 27 26 26 25 22 16 13 10 7 5 4 3 2

Coefficients

3.0
1

Binomial Deviance
2.0
1
S

15
o

1.0

A Log Lambda

-8 -7 -6 -5 -4 -3 -2
B Log(%)

Figure I. LASSO Cox regression model construction. (A) LASSO coefficient of 27 features. (B) Selection of tuning parameter (k) for

the LASSO model.
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Figure 2. Nomogram predicting cognitive impairment in
patients with prolonged high cortisol exposure.

prolonged hyperglycemia can lead to cerebrovascular
damage and impaired blood supply to the brain;'® it may also
directly harm neurons through oxidative stress and inflamma-
tory responses.'® Moreover, chronic hyperglycemia alters
insulin signaling pathways, disrupting glucose metabolism in
the brain and further aggravating cognitive decline.*
Additionally, the study showed that disrupted cortisol circadian
rhythms (elevated CORT AM/PM) and increased morning cor-
tisol peaks (COR-8am) were closely associated with cognitive
impairment. Circadian rhythm disruption may accelerate hip-
pocampal atrophy and prefrontal cortex dysfunction by affect-
ing the regulation of the hypothalamic-pituitary-adrenal (HPA)
axis.?! Excessive morning cortisol peaks may exacerbate neu-
roinflammation and synaptic dysfunction,** a finding also sup-
ported by previous animal studies.

Cushing’s disease serves as an effective model for studying
high cortisol states induced by chronic stress, given the high
similarity in pathophysiological mechanisms between the

two. Cushing’s disease results from tumor-induced HPA axis
hyperactivation, causing sustained cortisol overproduction,
while chronic stress similarly activates the HPA axis, maintain-
ing cortisol at persistently high levels. Although the etiology of
Cushing’s disease is endogenous and pathological, whereas
high cortisol in chronic stress is environmentally induced,
both share similar features such as metabolic disturbances
(e.g., insulin resistance, central obesity), immunosuppression
(e.g., increased infection susceptibility), osteoporosis, and psy-
chological disorders (e.g., anxiety and depression).**
Therefore, Cushing’s disease provides an effective model for
studying metabolic, immune, and neurological changes in
high cortisol states, offering experimental evidence for under-
standing chronic stress-related disorders and developing inter-
vention strategies.

The results of this study align with previous animal
experiments. For instance, animal studies have shown that
prolonged cortisol exposure leads to hippocampal atrophy
and neuronal damage, impairing cognitive function.?
This study provides supportive evidence in human
samples. Furthermore, prior research has found that dis-
rupted cortisol circadian rhythms are often associated with
executive function decline in patients with depression,?®
consistent with our findings that CORT AM/PM is signifi-
cantly associated with cognitive impairment in Cushing’s
disease patients. Unlike earlier studies focusing primarily
on cortisol’s direct neurotoxic effects, this study integrated
metabolic indicators (e.g., BMI, FPG) to comprehensively
analyze the interaction between cortisol and metabolic dis-
turbances, expanding the understanding of mechanisms
underlying cortisol-induced cognitive impairment.

Moreover, unlike previous research that was predominantly
based on animal models, this study systematically analyzed
data from 107 Cushing’s disease patients, further validating
these mechanisms in humans. The construction of the nomo-
gram model significantly enhanced predictive accuracy, pro-
viding a practical tool for clinical application.
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Figure 3. The ROC curve of the predictive model for cognitive impairment in patients with prolonged high cortisol exposure.

(A) Derivation cohort. (B) Validation cohort.
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Figure 5. DCA curves of the nomogram in the training cohort
and test cohort.

Despite providing important evidence for the impact of pro-
longed high cortisol exposure on cognitive function, this study
has limitations. First, as a single-center retrospective study
with a limited sample size, the results may lack generalizability
and require prospective validation. Although Cushing’s disease
serves as a model for high cortisol exposure, further validation in
populations experiencing chronic stress or prolonged pressure is
needed. Second, the lack of long-term follow-up data prevents
evaluation of the effects of surgical treatment or other interven-
tions on cognitive function. Third, this study did not consider the
impact of sex hormones on cortisol levels and cognitive func-
tion. Sex hormones (such as estrogen and testosterone) may
regulate cortisol and influence the central nervous system.

Conclusion

This study, using patients with Cushing’s disease as a model,
explored the impact of prolonged high-concentration
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cortisol exposure on human cognitive function. The findings
revealed that individuals with prolonged high cortisol expos-
ure commonly experience cognitive decline, with CORT
AM/PM, COR-8am, BMI, and FPG identified as major
risk factors for cognitive impairment. The nomogram
model developed based on these risk factors demonstrated
excellent predictive performance and clinical applicability
in both the training and validation cohorts, providing an
effective tool for the early identification of high-risk patients.
These results not only confirmed the significant impact of pro-
longed high cortisol exposure on the central nervous system
but also highlighted the critical role of metabolic factors in
this process, emphasizing the multifactorial mechanisms of
cognitive impairment. These findings offer a scientific basis
for managing the cognitive health of Cushing’s disease
patients and provide important insights for prevention and
treatment strategies for other cortisol-related conditions,
such as chronic stress and metabolic syndrome.
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