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Abstract

Introduction: Turner syndrome (TS) is a chromosomal disorder affecting approximately 1 in 2,500 live female births,
characterized by the partial or complete absence of one X chromosome. This genetic anomaly leads to physical,
cognitive, and endocrine abnormalities, including short stature, gonadal dysgenesis, and structural brain anomalies.
Cognitive deficits in TS involve visuospatial processing, memory, and executive function, often linked to structural brain
changes. Magnetic resonance imaging (MRI) has revealed significant alterations in gray and white matter volumes in
various brain regions. Growth hormone (GH) and sex steroid therapies, such as estrogen and progesterone, are used to
address growth and developmental delays in TS. However, their impact on brain structure and pituitary function
remains an area of active research.

Aim of the Review: To systematically review and synthesize findings on the effects of GH and sex steroid therapy on
brain structure and pituitary function in patients with Turner syndrome.

Methods: A comprehensive literature review was conducted to identify studies examining the effects of GH and sex
steroid therapy on brain structure and pituitary function in TS. Data from various sources were compiled, focusing on
MRI-based structural brain changes. Key parameters analyzed included sample size, findings from MRI and fMRI studies,
and clinical associations. Studies were summarized and presented in a structured table format.

Results: Estrogen-progesterone treatment was found to suppress pituitary gonadotropin release more effectively than
estrogen alone, indicating a feedback interaction between pituitary gonadotropin release and sex steroids. MRI studies
showed that TS patients exhibit smaller volumes in the hippocampus, caudate, lenticular, thalamic nuclei, and parieto-
occipital brain matter, correlating with cognitive deficits. GH-IGF axis abnormalities are modulated by body composition
and physical fitness, with sex hormone replacement normalizing the GH-IGF axis and improving body composition.
Although GH therapy alone did not significantly improve cognitive functions, the combination of GH with oxandrolone
improved working memory. Estrogen deficiency and TS are associated with slower growth in parieto-occipital regions
and enhanced volume growth in basal ganglia and cerebellar areas during adolescence, underscoring the importance of
estrogen replacement in brain development.

Discussion: GH and sex steroid therapies significantly impact brain structure, pituitary function, and clinical outcomes
in TS. GH therapy, often combined with sex steroids, improves growth and cognitive functions, particularly working
memory. However, GH alone does not significantly impact overall cognitive function. The timing and combination of
these therapies are crucial for optimizing outcomes. Regular monitoring and individualized treatment plans are
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essential to address the complex needs of TS patients. Further research is needed to explore the long-term impacts of
these therapies and develop optimal treatment regimens.

Conclusion: GH and sex steroid therapies are vital in managing TS contributing to improved growth, body composition,
and cognitive enhancements. A multifaceted therapeutic approach and regular monitoring are crucial for optimizing
treatment outcomes and quality of life for TS patients.
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1. Introduction

Turner syndrome (TS) is a chromosomal disorder affecting approximately 1 in 2,500 live female births. It is
characterized by the partial or complete absence of one X chromosome, leading to a spectrum of physical, cognitive, and
endocrine abnormalities. Patients with TS often exhibit short stature, gonadal dysgenesis, and various structural brain
anomalies, which can result in cognitive impairments and social difficulties. Cognitive deficits frequently observed in TS
include difficulties in visuospatial processing, memory, and executive function, which are believed to be associated with
the underlying structural brain changes.

Magnetic resonance imaging (MRI) studies have provided valuable insights into the brain abnormalities associated with
TS, revealing significant alterations in both gray and white matter volumes across different brain regions. These
structural anomalies include reduced volumes in the hippocampus, amygdala, parietal, and occipital lobes, which
correlate with the cognitive and neurodevelopmental challenges faced by individuals with TS (1), (2), (3).

Growth hormone (GH) and sex steroid therapies, such as estrogen and progesterone, are commonly employed to
address the growth and developmental delays in TS. GH therapy is particularly effective in promoting linear growth,
while sex steroid replacement helps in the development of secondary sexual characteristics and the maintenance of
bone health. However, the impact of these therapies on brain structure and pituitary function remains an area of active
research and clinical interest. Understanding the effects of these treatments is crucial for optimizing therapeutic
strategies and improving the overall quality of life for individuals with TS (4), (5).

Aim of the Review

To systematically review the literature and synthesize findings on the effects of GH and sex steroid therapy on brain
structure and pituitary function in patients with Turner syndrome.

2. Methods

A comprehensive literature review was conducted to identify studies examining the effects of GH and sex steroid
therapy on brain structure and pituitary function in TS. Data from various sources were compiled, focusing on MRI-
based structural brain changes. Key parameters analyzed included sample size, findings from MRI and fMRI studies, and
clinical associations. Studies were summarized and presented in a structured table format.

3. Results

The following table and figure summarize findings from the reviewed studies:

Research on TS reveals significant insights into the cognitive, physical, and neurodevelopmental impacts of the
condition. Cognitive deficits in TS patients are associated with smaller brain volumes in various regions, including the
hippocampus, caudate, and thalamic nuclei, which correlate with visuospatial and memory impairments (2). Cognitive
abilities are further influenced by the X chromosome and sex steroids, with mosaic TS individuals showing intermediate
cognitive performance between those with full TS and healthy controls (3). Neuroendocrine studies indicate that body
composition and physical fitness significantly modulate the growth hormone-insulin-like growth factor (GH-IGF) axis,
which can be normalized with sex hormone replacement therapy, improving overall body composition and physical
fitness (4). Estrogen-progesterone treatment effectively suppresses pituitary gonadotropin release, emphasizing the
critical role of sex steroids in managing TS (1).
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Table 1 Effect of GH and sex steroid therapy on the brain and pituitary functions in TS

Author Year | Sample Size | Findings Clinical Associations
Suetsugu N 1975 | N/A Estrogen-progesterone treatment | Feedback interaction between
suppresses pituitary gonadotropin | pituitary gonadotropin release and
release more effectively than estrogen | sex steroids (1)
alone
Murphy et | 1993 | 18 TS, 19 HC | Smaller hippocampus, caudate, | Cognitive deficits in visuospatial
al. lenticular, thalamic nuclei, parieto- | construction and memory
occipital brain matter volumes correlated with karyotype (2)
Murphy et | 1994 | 18 TS, 19 HC | Lower scores in language, visual-spatial | Cognitive abilities affected by X
al. function, attention, and memory; | chromosome and sex steroids;
greater discrepancy in verbal vs. | mosaic TS intermediate between
performance scores full TS and controls (3)
Gravholt et | 1997 | 27 TS, 24 HC | GH-IGF axis normal in TS; body | Sex hormone replacement
al. composition and physical fitness | normalizes GH-IGF axis, improves
modulate GH-IGF axis body composition and physical
fitness (4)
Gravholt et | 1997 | 27 TS, 24 HC | GH-IGF axis normal, body composition | Body composition and fitness
al. and fitness key determinants, sex | modulate GH-IGF axis in TS; sex
hormone replacement improves | hormone replacement normalizes
function GH secretion (4)
Ross et al. 1997 | N/A No effect of GH on cognitive function in | GH treatment does not influence
TS neurocognitive outcomes in TS (5)
Balducci et | 1998 | 9 TS GH increases adrenal steroid | Potential modulation of adrenal
al. responsiveness to ACTH enzyme activities by GH (6)
Gravholt et | 1998 | 21 TS GH secretion irregular, reduced mass | Lean body mass and maximal
al. and production rate in TS; body | oxygen uptake key determinants of
composition impacts GH secretion GH secretion; sex hormone therapy
improves GH levels (7)
Haeusler et | 1996 | 20 TS GH combined with oxandrolone | Combination therapy effective in
al. improves final height; estrogen therapy | increasing final height (8)
delayed to enhance height gain
Ross et al. 2003 | 64 TS Oxandrolone improves working | Significant improvement in
memory in TS working memory with minimal
side effects (9)
Cutteretal. | 2006 | 27 TS, 21 HC | Smaller parieto-occipital cortex, | X chromosome, imprinting, and
caudate nucleus; increased | neuroendocrine milieu modulate
hippocampal choline brain development (10)
Hampletal. | 2001 | 65TS SHBG levels normal or lower, | SHBG as a marker of response to
significantly = reduced  with ~ GH | GH administration (11)
treatment
Gravholt et | 2002 | 12TS,16 HC | GH treatment reduces fat mass, | Monitoring glucose metabolism
al. improves lean body mass; impacts | essential during GH therapy in TS
insulin sensitivity (12)
Lietal. 2019 | 23 TS Estrogen deficiency affects gray and | Highlights importance of estrogen
white matter development during | replacement therapy for brain
adolescence development in TS (13)
O'Donoghue | 2019 | 55 TS, 53 HC | Parieto-occipital gray and white matter | TS girls may be particularly
etal. regions showed slower growth during | vulnerable to altered brain
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typical pubertal timing in girls with TS | development during adolescence.
relative to typically developing girls. | Some basal ganglia, cerebellar, and
Enhanced volume growth in basal | limited cortical areas show
ganglia, cerebellar, and limited cortical | enhanced volume growth with
areas peaks around 10 years of age (14)
Lozano Wun | 2023 | 61 TS, 55 HC | Smaller total surface area and larger | The results suggest the
et al. average cortical thickness overall. | involvement of both direct and
Regionally decreased volume and | indirect effects of X-chromosome
surface area in the pericalcarine, | haploinsufficiency on brain
postcentral, and parietal regions. Larger | developmentin TS (15).
volume in caudate, amygdala, and
temporal lobe regions and increased
thickness in parietal and temporal
regions.
Scheithauer | 2005 | 4 cases "Gonadal failure cells" without | Possible etiologic associations
et al. recognizable gonadotroph hyperplasia, | between Turner syndrome and
silent corticotroph microadenomas pituitary adenomas (16)
Akkusetal. | 2023 | 35TS, 20 HC | Pituitary hyperplasia in patients with | Inadequate hormone replacement
inadequate  hormone replacement | therapy can disrupt pituitary
therapy structure (17)
Samaan et | 1979 | 7 TS, 3 | Localized change in the sellar contour | Hyperplasia or microadenoma
al. Klinefelter's | suggesting hyperplasia or | formation secondary to gonadal
microadenoma formation failure (18)

HC = healthy controls
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thalamic nuclel,
paneto-occipital brain
e Correlates with cognitive
deficits
Feedback interaction with
sex sterolds
MRS Studies
Suppresses ptuatary
gonadotropin release
Estragen-Progestercne

Treatment
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replacement for brain
development
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Figure 1 Effect of GH and sex steroid therapy on the brain and pituitary functions in TS

The impact of GH treatment on TS has been extensively studied. While GH does not appear to affect cognitive function
(5), it does improve adrenal steroid responsiveness and body composition, particularly lean body mass and maximal
oxygen uptake (6, 7). GH combined with oxandrolone significantly enhances final height and improves working memory
with minimal side effects (8, 9). However, monitoring glucose metabolism is essential during GH therapy due to its
effects on insulin sensitivity (12). Furthermore, estrogen deficiency during adolescence adversely affects brain
development, underscoring the importance of estrogen replacement therapy for optimal neurodevelopmentin TS (13).
Alterations in brain structure, including reduced cortical surface area and increased cortical thickness in specific
regions, suggest both direct and indirect effects of X-chromosome haploinsufficiency on brain development (15). This
comprehensive body of research highlights the multifaceted nature of TS and the critical role of hormone therapies in
mitigating its impacts.
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4., Discussion

The reviewed studies consistently demonstrate that TS is associated with significant MRI changes in both brain and
pituitary structures. The most common findings include reduced brain volume, particularly in the parietal and occipital
lobes, and abnormalities in the hippocampus and amygdala, which are linked to cognitive deficits such as impaired
visuospatial skills, memory, and social cognition (1), (2), (3). These cognitive impairments are often exacerbated by the
structural anomalies identified in MRI studies, including reduced volumes in specific brain regions.

Growth hormone (GH) and sex steroid therapies have shown significant effects on brain structure, pituitary function,
and clinical outcomes in TS. GH therapy, often combined with sex steroids, has been found to improve growth and some
cognitive functions, particularly working memory. However, the evidence suggests that GH alone does not significantly
impact overall cognitive function (4), (5). The normalization of the GH-IGF axis and improvements in body composition
observed in some studies highlight the potential benefits of these therapies for physical development (6), (7).

Sex hormone replacement, specifically estrogen and progesterone, plays a crucial role in normalizing the GH-IGF axis,
improving body composition, and enhancing physical fitness in TS patients. The combination of GH with oxandrolone,
an anabolic steroid, has also been shown to significantly improve final height and cognitive functions such as working
memory (8), (9). Despite these benefits, there are potential risks associated with GH and sex steroid therapies. These

findings suggest that a multifaceted therapeutic approach is necessary to address the complex needs of individuals with
TS.

Some studies have reported no significant cognitive improvements with GH therapy alone, emphasizing the need for
combined therapeutic strategies (5). Additionally, the long-term impacts of these treatments on brain development and
overall health outcomes remain unclear, necessitating further research and long-term studies (10), (11).

Regular monitoring and individualized treatment plans are essential to optimize therapeutic outcomes for patients with
TS. Comprehensive neuropsychological and endocrine assessments should be conducted to address the multifaceted
challenges faced by these individuals. Future research should focus on the long-term effects of GH and sex steroid
therapies, exploring optimal treatment regimens that maximize both physical and cognitive development in TS patients

(12), (13).

Focus on Interventions
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Figure 2 Recommendations based on the review results
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5. Conclusions

GH and sex steroid therapies play a critical role in managing Turner syndrome. These therapies contribute to improved
growth, better body composition, and certain cognitive enhancements, particularly in areas such as working memory.
However, GH therapy alone does not appear to significantly influence overall cognitive function. The timing,
combination, and individualization of these treatments are crucial for optimizing outcomes.

The reviewed studies highlight the need for a multifaceted therapeutic approach to address the complex needs of
individuals with TS. Regular monitoring and comprehensive assessments are essential to tailor treatment plans that
effectively address both the physical and cognitive challenges associated with TS. Further research is needed to explore
the long-term impacts of these therapies and to develop optimal treatment regimens that maximize quality of life for
patients with Turner syndrome.

Recommendations: Figure 2

e Combining GH therapy with sex steroids may enhance growth and cognitive functions, particularly working
memory.

e  Further research is needed to explore the long-term impacts of these therapies on brain cognitive and motor
functions and develop optimal treatment regimens for TS patients.

5.1. Strengths

e The review systematically synthesizes a wide range of studies, providing a thorough overview of the effects of
GH and sex steroid therapies on brain structure and pituitary function in Turner syndrome. This comprehensive
approach ensures that multiple aspects of the condition and treatments are considered.

e (Clinical Relevance: The findings highlight crucial therapeutic strategies that can directly improve patient
cognitive and motor outcomes.

5.2. Weaknesses

Limited Long-term Data: The review indicates a need for further research on the long-term impacts of GH and sex
steroid therapies. Current evidence may be insufficient to fully understand the prolonged effects of these treatments.
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