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function in patients with hypogonadism:
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Abstract. Hypogonadism, characterized by low testosterone
levels, is linked to cognitive decline, particularly in memory
and executive function. Androgen replacement therapy
(ART) aims to counter these deficits by restoring testosterone
levels. In the present systematic review and meta-analysis, it
was hypothesized that ART improves cognitive function in
hypogonadal men, with domain-specific effects. A compre-
hensive literature search was conducted across databases up
to October 2024, identifying 14 studies that met inclusion
criteria. Cognitive outcomes were categorized into memory,
attention, executive function and visuospatial abilities, and a
meta-analysis was performed using a random-effects model.
Study heterogeneity was evaluated using prediction interval
statistics, and sensitivity analyses were conducted. Publication
bias was assessed using Begg's and Egger's tests, with adjust-
ments using the trim-and-fill method. The meta-analysis
demonstrated statistically significant but domain-specific
cognitive effects of ART. The pooled standardized mean
difference (SMD) for overall cognition was 0.454 (95% CI:
0.341-0.566; P<0.001). Domain-specific analyses revealed that
ART led to improvements in executive function (SMD=0.488;
95% CI: 0.372-0.604; P<0.001) and memory (SMD=0.457,
95% CI: 0.338-0.577; P<0.001), but smaller effects were
observed in attention (SMD=0.217; 95% CI: 0.084-0.351;
P=0.001) and visuospatial abilities (SMD=0.226; 95% CI:
0.146-0.306; P<0.001). Sensitivity analyses confirmed the
stability of the findings. Despite the detection of publication
bias (Kendall's tau = 0.265, P<0.001; Egger's intercept = 1.92,
P<0.001), the adjusted effect size remained consistent after
applying the trim-and-fill method. Study heterogeneity was
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moderate, likely reflecting variations in cognitive assessment
tools and intervention protocols. ART significantly improves
executive function and memory in hypogonadal men, while
the impact on attention and visuospatial abilities is less
pronounced. These findings underscore the domain-specific
nature of ART's cognitive benefits and highlight the impor-
tance of considering study heterogeneity when interpreting
results. Clinically, this suggests that ART may be more
effective in targeting memory and executive function deficits.
However, the modest effect sizes and presence of publication
bias indicate a need for further research to refine protocols,
including standardized cognitive assessments and exploration
of long-term effects.

Introduction

Hypogonadism, a condition characterized by reduced or absent
secretion of gonadal hormones, significantly impacts multiple
physiological systems, including cognition. Testosterone, the
primary androgen affected in hypogonadism, plays an essen-
tial role in cognitive processes such as memory, attention and
executive function (1). Studies indicate that men with hypo-
gonadism exhibit reduced cognitive abilities compared with
age-matched healthy individuals, highlighting testosterone's
role in cognition (2). However, hypogonadism's impact extends
beyond testosterone deficiency, implicating interactions with
other physiological systems, such as neuroinflammation,
metabolic dysregulation and vascular health, all of which can
contribute to cognitive decline. Studies have shown that low
testosterone levels are often accompanied by higher inflamma-
tory markers and impaired cerebrovascular function, further
exacerbating cognitive impairment (3,4). Hypogonadal men
have shown specific impairments in memory tasks, working
memory, attention-switching and visuospatial processing (5).
Androgen replacement therapy (ART) has been proposed as a
potential intervention to mitigate cognitive deficits in hypogo-
nadal patients by restoring testosterone levels to a normative
range (6).

Research on ART and cognitive function in hypogonadal
men has increased, yet findings are inconclusive. Some studies
report improvements in cognitive performance, particularly
in areas such as spatial memory and verbal fluency, following
ART administration (7). For instance, Cherrier et al (8) found
that testosterone supplementation improved verbal memory
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in older hypogonadal men, suggesting testosterone's potential
role in enhancing specific cognitive domains. However, other
studies find no significant impact of ART on cognitive func-
tions, attributing these results to variability in study design,
testosterone dosing and cognitive assessment methods (9).
These discrepancies raise questions about the generalizability
of ART effects across different cognitive domains and patient
populations. Several systematic reviews and meta-analyses,
such as Zhang er al (10) and Hong et al (11), have explored
the relationship between testosterone supplementation and
cognitive function in aging men. Zhang et al (10) concluded
that testosterone deficiency may increase the risk of all-cause
dementia but showed inconsistent results regarding the effi-
cacy of ART in improving cognitive outcomes. Similarly,
Hong et al (11) reported no significant effect of ART on cogni-
tive improvement across cognitive domains such as memory
and executive function. However, these studies were based on
some pooled data without differentiating between younger and
older hypogonadal patients or those with cognitive impairment
vs. cognitively healthy participants.

The proposed mechanisms by which testosterone may
influence cognitive function are multifaceted. Testosterone
exerts neuroprotective effects by modulating neurotransmitter
levels, enhancing neurogenesis, and reducing neuroinflam-
mation (12). Additionally, androgen receptors (ARs) are
distributed in key brain regions associated with memory and
learning, such as the hippocampus and prefrontal cortex,
suggesting a direct link between androgen levels and cognitive
function (13). Testosterone also acts as a precursor for estra-
diol, which has well-documented effects on synaptic plasticity
and cognitive function, adding another layer to the complex
interplay between androgens and cognitive health (14).

While some studies have demonstrated that ART may
improve cognitive performance, the evidence remains mixed
due to variability in study designs and methodologies.
Furthermore, prior meta-analyses have not thoroughly explored
the interplay between testosterone dose, duration of therapy,
and specific cognitive outcomes, particularly in visuospatial
skills and memory. Thus, a comprehensive meta-analysis
(CMA) incorporating recent findings is crucial for delineating
the specific domains most affected by testosterone replacement.
A systematic review and meta-analysis of studies on ART and
cognitive outcomes in hypogonadal patients is warranted to
clarify these effects and provide a synthesized understanding.
Prior systematic reviews in this area often exclude significant
sources of heterogeneity, such as the age of patients, baseline
testosterone levels and duration of therapy, which may influ-
ence cognitive outcomes (15). By conducting a systematic
review and meta-analysis, it is possible to quantitatively assess
the overall impact of ART on cognitive domains, identify any
moderating factors, and provide a basis for clinical recommen-
dations in the management of hypogonadism-related cognitive
impairments (16).

The present study aims to systematically review and quan-
titatively analyze the effects of ART on cognitive function in
subjects with hypogonadism, focusing on domains frequently
impacted by testosterone fluctuations, such as memory, atten-
tion and executive function. Understanding the efficacy of ART
in preserving or enhancing cognitive abilities in hypogonadal
individuals is critical, as cognitive decline can significantly

impair the quality of life and daily functioning in this patient
population (17). The present review also aims to evaluate the
methodological rigor of existing studies, with an emphasis on
exploring heterogeneity in outcomes related to differences in
study designs, dosages and cognitive assessment techniques.

Materials and methods

The present systematic review and meta-analysis were
conducted following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines, ensuring a standardized and transparent approach to the
study selection, data extraction and analysis procedures (18).

Inclusion and exclusion criteria. The inclusion criteria for the
present study were as follows: studies that enrolled male partic-
ipants diagnosed with age-related hypogonadism, defined as
total testosterone levels below the clinical reference threshold
of <300 ng/dl or as reported by study authors, who underwent
ART; studies where ART was administered through testos-
terone or related androgen formulations (including injections,
gels and patches) at therapeutic doses; studies assessing cogni-
tive outcomes using validated neuropsychological tests across
cognitive domains such as memory (for example, verbal recall
tests), attention (for example, digit span) and executive func-
tion (for example, verbal fluency tests); and studies designed
as randomized controlled trials (RCTs), cohort studies, or
case-control studies reporting quantitative data sufficient to
calculate standardized effect sizes (for example, providing
mean scores, standard deviations, confidence intervals, or
effect size estimates). Sufficient data were defined as studies
reporting pre- and post-intervention cognitive test scores with
variability measures, such as standard deviations or standard
errors, or studies that reported effect sizes with confidence
intervals. To account for key hormonal factors potentially
associated with cognitive function, studies that reported
bioavailable testosterone levels, sex hormone-binding globulin
(SHBGQG) levels, or other relevant biomarkers when available
were noted during data extraction to evaluate their influence
on cognitive outcomes.

Studies were excluded if they were non-primary research
articles, such as case reports, reviews, editorials, or conference
abstracts; if they lacked sufficient quantitative data to compute
effect sizes, such as those reporting only subjective assess-
ments or narrative descriptions; or if they were published in
languages other than English to ensure consistency in inter-
pretability and analysis. This approach aimed to ensure that
included studies met uniform methodological standards and
provided reliable quantitative measures of cognitive outcomes.
Additionally, studies that investigated the association between
AR levels and cognitive performance were considered,
although none directly measured AR levels.

Search strategy. A comprehensive literature search was
conducted across multiple databases: PubMed (https:/pubmed.
ncbi.nlm.nih.gov/), Embase (https://www.embase.com/),
Scopus (https:/www.scopus.com/home.uri), Google Scholar
(https://scholar.google.com/) and the Cochrane Library
(https://www.cochranelibrary.com/). The following search
terms were used: [TITLE-ABS-KEY (‘cognitive function’
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OR ‘memory’ OR ‘executive function’ OR ‘attention’ OR
‘verbal fluency’ OR ‘spatial memory’ OR ‘cognition” AND
TITLE-ABS-KEY (‘testosterone replacement therapy’ OR
‘androgen therapy’ OR ‘hormone replacement therapy’ OR
‘ART’ OR ‘TRT’)]. The reference lists of included studies were
manually screened to identify any additional relevant studies.
No language or publication date restrictions were applied in the
initial search. The final search was completed in October 2024.

Study selection and data extraction. All retrieved articles were
imported into reference management software, and duplicates
were removed. Two independent reviewers screened the titles
and abstracts of the remaining studies for relevance. Full-text
versions of potentially eligible articles were then assessed
to determine final inclusion. Any discrepancies between
reviewers were resolved through discussion or by consulting
a third reviewer. Data were extracted from each eligible
study, including author names and the year of publication,
sample size and patient demographics, such as age and base-
line testosterone levels, study design, including whether the
study was an RCT, cohort study, or case-control study, type,
and dosage of intervention, specifying the form of androgen
used, the dose, and the duration of therapy, cognitive outcome
measures, detailing the specific tests administered to assess
domains including memory, attention and executive function,
and follow-up period and the timing of cognitive assessments.
This approach ensured comprehensive data collection for a
nuanced analysis of cognitive outcomes across various studies.

Risk of bias assessment. Each study's risk of bias was inde-
pendently evaluated by two reviewers using the CONSORT
checklist for RCTs. The CONSORT checklist assessed adher-
ence to key reporting standards across 17 domains, including
clarity of title and abstract, descriptions of participant selection,
randomization, allocation concealment, blinding, statistical
methods and outcome reporting. Any discrepancies between
reviewers were addressed through discussion or, if needed, by
consulting a third reviewer to reach a consensus. To address
potential biases in non-randomized studies, the Risk of Bias
in Non-randomized Studies-of Interventions (ROBINS-I) tool
was applied. This tool evaluates biases across domains, such
as confounding, selection bias and outcome measurement bias.
ROBINS-I allows for a more tailored assessment, addressing
potential limitations inherent in cohort studies or pre-post
designs. Each domain was scored as ‘low’, ‘moderate’, or
‘high’ risk of bias. Discrepancies in scoring were resolved by
discussion among reviewers until a consensus was reached.

Statistical analysis. Meta-analyses were performed using
CMA (Version 3; CMA; Biostat,) software Standardized mean
differences (SMD) were calculated to synthesize cognitive
outcomes across studies with different scales and measures.
A random-effects model was applied due to expected hetero-
geneity among studies, particularly in terms of differences in
ART dosages, durations, patient demographics and cognitive
tests used. In the present meta-analysis, the precision interval
approach was used to quantify heterogeneity instead of the
I2 statistic due to several methodological benefits. Precision
intervals offer a more intuitive and clinically relevant measure
of uncertainty around the combined effect size, which helps
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in understanding the practical range of ART's impact on
cognitive outcomes. Unlike I, which quantifies the proportion
of variance attributable to between-study heterogeneity (19),
precision intervals provide a direct reflection of the confidence
range around the pooled effect size. This method aligns
closely with random-effects models, which account for vari-
ability both within and between studies, making it particularly
well-suited for our dataset that encompasses diverse study
designs, populations and cognitive measures (20). By contrast,
I? values can be inflated in meta-analyses involving small
or numerous studies, potentially exaggerating heterogeneity.
Additionally, I*'s sensitivity to sample size and clinical diver-
sity can complicate interpretation, especially in contexts with
significant methodological heterogeneity. Precision intervals,
by contrast, offer a clearer representation of how closely the
true effect sizes are clustered around the overall estimate. This
approach has been recommended in previous meta-analytic
studies to provide a more nuanced and interpretable measure
of variability, supporting our objective of accurately estimating
the cognitive impact of ART while accounting for study differ-
ences (20). A leave-one-out sensitivity analysis was conducted
to assess the influence of each study on the overall effect size.
This process involved sequentially removing each study from
the analysis to determine whether the exclusion of any single
study significantly altered the results. Potential publication
bias was assessed visually using funnel plots and statistically
with Egger's and Begg's tests. When asymmetry was detected,
the trim-and-fill method was employed to adjust for potential
missing studies and provide an adjusted effect size estimate.
A dose/duration-response analysis was conducted to explore
the relationship between the testosterone dose/duration and
also baseline testosterone levels and cognitive outcomes. The
regression of SMD on ART dosage was performed, allowing
for an evaluation of any potential dose/duration-dependent
effects of testosterone on cognitive functions. Statistical
significance was set at P<0.05 for all analyses.

Results

The study selection process is illustrated in the PRISMA flow
diagram (Fig. 1). The initial database search yielded a total of
1,266 records, of which 209 duplicate records were removed,
resulting in 1,158 records for screening. After title and
abstract screening, 989 studies were excluded, and 169 studies
remained for full-text review. Following the full-text assess-
ment, an additional 155 studies were excluded for reasons such
as irrelevance to the research question or insufficient data
for extraction (21-30). Ultimately, a total of 14 studies were
included in the meta-analysis (5,7-9,31-40).

The characteristics of the included studies are detailed in
Table I. Each study provided data on the effects of androgen
supplementation on cognitive function, with notable variations
in sample size, participant demographics, study design and
intervention type. Sample sizes ranged from 19 to 493 partici-
pants, with ages spanning from 35 to 75 years. Most studies
reported baseline testosterone levels, which ranged from
215-350 ng/dl or specified hypogonadal status. The designs of
the included studies comprised RCTs, crossover studies and
cohort studies, with the majority being RCTs. The interventions
included various forms of androgen supplementation, such as
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Figure 1. PRISMA Flow Diagram for Study Selection. This flow diagram illustrates the systematic selection process of studies included in the meta-analysis,
following PRISMA guidelines. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

testosterone enanthate, testosterone cypionate, testosterone
undecanoate and transdermal testosterone gel, administered at
doses ranging from 5 mg daily to 250 mg per week or biweekly.
The duration of androgen therapy varied widely across studies,
from 5 days to 36 months. Cognitive outcomes were assessed
using a variety of neuropsychological tests targeting specific
cognitive domains, including memory (verbal memory tests,
paragraph recall), attention (Stroop interference test) and
executive function (Trail-Making Tests A and B). Follow-up
periods also varied, with assessments conducted immediately
post-intervention in some studies, while others included
follow-up intervals of up to 36 months to evaluate sustained
effects.

Among the included studies, only a few explicitly
excluded participants with conditions known to influence
testosterone levels and cognitive outcomes. Notably, studies
by Emmelot-Vonk ez al (9) and Huang et al (35) excluded
participants with diabetes and severe cardiovascular disease,
while others did not report comorbidity screening in detail.
None of the studies specifically examined populations with
schizophrenia, multiple sclerosis, or leukemia.

The CONSORT checklist assessment of 13 RCTs and
1 cohort study reveals variable adherence to reporting standards.
Most studies fulfilled the fundamental criteria, including clear
descriptions of the title, abstract, background, objectives,
participants, interventions and outcomes. However, specific
criteria, such as allocation concealment, blinding and partici-
pant flow, demonstrated inconsistencies across studies. While
the majority of trials detailed statistical methods and partici-
pant recruitment effectively, several provided only partial

information on ancillary analyses and harms, which are essen-
tial for understanding treatment implications (Table II). The
assessment of the risk of bias using the ROBINS-I tool revealed
that the majority of included studies had a low to moderate risk
of bias across most domains, with some variability in areas
such as confounding and selection bias. A few studies exhibited
concerns related to deviations from the intended intervention,
particularly when blinding was inadequate or when participant
adherence was unclear. Reporting and measurement biases
were generally low, as most studies used validated cognitive
measures. However, certain observational studies had limita-
tions in terms of selective reporting and missing data. Overall,
while the studies demonstrated acceptable methodological
rigor, a few exhibited methodological weaknesses that should
be considered when interpreting the findings (Table III).

It was chosen not to combine multiple cognitive test
outcomes within the same population in the present analysis
due to several methodological and interpretative challenges.
This approach would require estimating correlations between
outcomes, which are often unreported in studies and difficult
to accurately infer, potentially introducing bias. Additionally,
combining outcomes could disproportionately emphasize
certain cognitive domains, such as memory, if they were
assessed more frequently than others, thus skewing the overall
effect size. It was also aimed to preserve domain-specific
insights into ART's effects; combining results would obscure
differences between cognitive domains, such as memory and
executive function, which is crucial for understanding ART's
specific cognitive benefits. Moreover, cumulative variance
calculations in this method could lead to broader confidence
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WANG et al:

EFFECTS OF ANDROGEN REPLACEMENT THERAPY ON COGNITIVE FUNCTION

Statistics for each study

Study name Outcome

Std diff Standard
inmeans  error

Cherrier et al., 2001a Total time 0,740 0,414
Cherrier et al., 2001b Saving score 0,066 0,400
Cherrier et al., 2001c Total num correct 1,353 0,444
Cherrier et al., 2005a Route test 0,573 0,319
Cherrier et al., 2005b Story recall 0,023 0,312
Cherrier et al., 2005bc Verbal fluency 0,238 0,314
Cherrier et al., 2005d Stroops 0,000 0,312
Cherrier et al., 2005he SOPT 0,198 0,313
Emmelot-Vonk et al., 2008a  Boston JLO 0,065 0,134
Emmelot-Vonk et al., 2008b DSSs 0,084 0,134
Emmelot-Vonk et al., 2008c SMR 0,186 0,134
Emmelot-Vonk et al., 2008e RAVL-immediate 0,129 0,134
Emmelot-Vonk et al., 2008f RAVL-delayed 0,105 0,134
Emmelot-Vonk et al., 2008g Trail-making test A1 0,069 0,134
Emmelot-Vonk et al., 2008h Trail-making test A2 0,079 0,134
Emmelot-Vonk et al., 2008i Trail-making test B 0,215 0,134
Huang et al., 2016a Complex figure immediate 0,305 0,158
Huang et al., 2016b Complex figure delayed 0,482 0,161
Huang et al., 2016¢ Paragraph Delayed 1,177 0,162
Huang et al., 2016e Buschke delayed 1,617 0,168
Huang et al., 2016f Verbal fluency 0,000 0,145
Huang et al., 2016g Category fluency 1,729 0,171
Huang et al., 2016h Stroop interference 1,406 0,163
Huang et al., 2016i Trail-making test B 1,607 0,180
Janowsky et al., 1994a Delayed recall 0,146 0,268
Janowsky et al., 1994b Grooved pegboard 0,094 0,268
Janowsky et al., 1994c Visual reproduction Il 0,040 0,267
Janowsky et al., 1994d Trail-making test B 0,287 0,269
Janowsky et al., 1994e Block design 0,293 0,269
Janowsky et al., 2000 SOP performance 1,580 0,526
Kenny et al., 2002a Digit span 0,400 0,306
Kenny et al., 2002b Digit symbol 0,123 0,303
Kenny et al., 2002¢c Trail-making test A 0,000 0,303
Kenny et al., 2002d Trail-making test B 0,090 0,303
Kenny et al., 2004a MMSE score 1,590 0,694
Kenny et al., 2004b Digit span 0,499 0,615
Kenny et al., 2004c Verbal fluency 0,310 0,609
Kenny et al., 2004d Clock drawing score 0,447 0,613
Kenny et al., 2004e Trail-making test B 0,047 0,606
Lasaite et al., 2016a Trail-making test A 0,299 0,326
Lasaite et al., 2016b Trail-making test B 0,596 0,332
Lasaite et al., 2016¢ Digit span forwards 0,472 0,329
Lasaite et al., 2016d Digit span backwards 0,670 0,333
Maki et al., 2007a CVLT-verbal learning 0,074 0,365
Maki et al., 2007b CVLT-shot delay recall 0,286 0,367
Maki et al., 2007¢ CVLT-long delay recall 0,190 0,366
Maki et al., 2007d BVRT 0,158 0,366
Maki et al., 2007e Word span 0,180 0,366
Maki et al., 2007f Digit span forwards 0,034 0,365
Maki et al., 2007g Digit span backwards 0,202 0,366
Maki et al., 2007h Trail-making test A 0,186 0,366
Maki et al., 2007i Trail-making test B 0,381 0,368
Maki et al., 2007j Grooved pegboard 0,212 0,366
Maki et al., 2007k Grooved pegboard nondominant 0,173 0,366
Resnick et al., 2017a MMSE 0,000 0,071
Resnick et al., 2017b Paragraph Delayed 0,060 0,071
Resnick et al., 2017¢c BVRT 0,052 0,071
Resnick et al., 2017d Card rotation test 0,113 0,071
Resnick et al., 2017e Trail-making test A 0,021 0,071
Resnick et al., 2017f Trail-making test B 0,154 0,071
Resnick et al., 2017i 3MSE 0,104 0,071
Resnick et al., 2017j MAC-Q 0,038 0,071
Resnick et al., 2017k Immediate paragrph recall 0,031 0,071
Vaughan et al., 2007a BVRT 2,059 0,258
Vaughan et al., 2007b Boston JLO 1,494 0,236
Vaughan et al., 2007¢c Digit span forwards 1,849 0,170
Vaughan et al., 2007d Digit span backwards 3,645 0,340
Vaughan et al., 2007e Trail-making test A 0,000 0,434
Vaughan et al., 2007f Trail-making test B 0,043 0,209
Vaughan et al., 2007g Verbal memory total recall 0,936 0,220
Wahjoepramono et al., 2016 aa MMSE 0,624 0,309
Wahjoepramono et al., 2016 ab RVLT-Immediate recall 0,353 0,304
Wahjoepramono et al., 2016 ac RVLT-Delayed recall 0,243 0,303
Wahjoepramono et al., 2016 ba MMSE 0,633 0,309
Wahjoepramono et al., 2016 bb RVLT-Immediate recall 0,447 0,305
Wahjoepramono et al., 2016 bc RVLT-Delayedrecall 0,368 0,304
Wolf et al., 2000a Verbal fluency 0,364 0,260
Wolf et al., 2000b spatial memory immediate recall 0,478 0,262
Wolf et al., 2000c spatial memory delayed recall 0,483 0,262
Wolf et al., 2000d Verbal memory delayed recall 0,422 0,261
Wolf et al., 2000e Verbal memory immediate recall 0,365 0,260
Wolf et al., 2000f Stroop 0,339 0,260
Wolf et al., 2000g Mental rotation 0,817 0,269
0,454 0,057

Variance

0,171
0,160
0,197
0,102
0,098
0,098
0,098
0,098
0,018
0,018
0,018
0,018
0,018
0,018
0,018
0,018
0,025
0,026
0,026
0,028
0,021
0,029
0,027
0,032
0,072
0,072
0,072
0,072
0,072
0,277
0,093
0,092
0,092
0,092
0,482
0,378
0,371
0,376
0,367
0,106
0,110
0,108
0,111
0,133
0,135
0,134
0,134
0,134
0,133
0,134
0,134
0,136
0,134
0,134
0,005
0,005
0,005
0,005
0,005
0,005
0,005
0,005
0,005
0,067
0,056
0,029
0,116
0,188
0,043
0,048
0,095
0,092
0,092
0,095
0,093
0,092
0,068
0,069
0,069
0,068
0,068
0,068
0,072
0,003

Lower
limit
-0,071
0,719

0,483
-0,051
-0,589
-0,376
0,612
0,416
-0,197
-0,179
0,077
-0,134
0,157
0,194
-0,183
-0,048
-0,004

0,166

0,861

1,288
0,285

1,394

1,086

1,254
0,379
-0,430
0,484
-0,239
0,234

0,549
-0,199
0,471
-0,593
-0,504

0,230
-0,706
-0,884
0,754
-1,140
-0,340
-0,054
0,172

0,016
-0,642
-0,433
-0,527
-0,559
-0,537
-0,682
-0,515
-0,531
-0,341
-0,506
-0,544
-0,140
-0,080
-0,088
-0,027
0,118

0,014
0,035
-0,101
-0,109

1,554

1,032

1,515

2,978
-0,851
-0,366

0,506

0,019
0,242
-0,350

0,027
-0,151
0,228
-0,146
-0,035
-0,031
-0,090
-0,146
-0,171

0,290

0,341

Upper
lirmit
1,551
0,851
2,223
1,198
0,636
0,853
0,612
0,812
0,328
0,346
0,449
0,392
0,368
0,331
0,342
0,478
0,614
0,797
1,494
1,946
0,285
2,064
1,725
1,960
0,671
0,619
0,564
0,814
0,819
2,611
1,000
0,717
0,593
0,684
2,950
1,703
1,504
1,649
1,234
0,939
1,246
1,117
1,323
0,790
1,005
0,908
0,875
0,897
0,750
0,920
0,903
1,103
0,930
0,890
0,140
0,199
0,192
0,253
0,161
0,204
0,244
0,178
0,171
2,565
1,957
2,183
4,312
0,851
0,451
1,367
1,229
0,949
0,836
1,239
1,045
0,964
0,875
0,992
0,996
0,934
0,875
0,848
1,343
0,566

Z-Value p-Value

1,788
0,165
3,049
1,799
0,075
0,760
0,000
0,633
0,489
0,624
1,386
0,961
0,786
0,511
0,592
1,599
1,936
2,993
7,291
9,622
0,000

10,115
8,629
8,918
0,545
0,352
0,150
1,069
1,088
3,003
1,309
0,405
0,000
0,297
2,291
0,811
0,509
0,730
0,078
0,917
1,798
1,436
2,008
0,203
0,779
0,520
0,432
0,491
0,094
0,552
0,508
1,035
0,579
0,472
0,000
0,838
0,729
1,584
0,301
2,159
1,462
0,540
0,435
7,984
6,337

10,860

10,717
0,000
0,205
4,264
2,020
1,162
0,804
2,049
1,464
1,211
1,400
1,827
1,842
1,617
1,400
1,302
3,038
7,919

0,074
0,869
0,002
0,072
0,940
0,447
1,000
0,527
0,625
0,532
0,166
0,336
0,432
0,609
0,554
0,110
0,053
0,003
0,000
0,000
1,000
0,000
0,000
0,000
0,586
0,725
0,881
0,285
0,277
0,003
0,190
0,686
1,000
0,767
0,022
0,417
0,610
0,466
0,938
0,359
0,072
0,151
0,045
0,839
0,436
0,603
0,666
0,623
0,925
0,581
0,611
0,301
0,563
0,637
1,000
0,402
0,466
0,113
0,763
0,031
0,144
0,589
0,664
0,000
0,000
0,000
0,000
1,000
0,838
0,000
0,043
0,245
0,422
0,040
0,143
0,226
0,162
0,068
0,065
0,106
0,161
0,193
0,002
0,000

Std diff in means and 95% CI

-2,00 0,00 2,00

“Red diamond represents the pooled results.

4,00

Figure 2. Forest plot of SMD for cognitive outcomes in individual studies. This forest plot shows the SMD and 95% CI for cognitive outcomes in each study

included in the meta-analysis. The size of each square represents the weight of the study, while the horizontal lines indicate the 95% CI. The overall effect size,

represented by the diamond at the bottom, indicates a statistically significant improvement in cognitive function with androgen replacement therapy. SMD,

standardized mean differences; CI, confidence intervals.

intervals, reducing precision and potentially masking statisti-
cally significant results. Given these concerns, and to align
with standard practices in cognitive meta-analyses, each

cognitive outcome was analyzed separately to retain clarity,
precision and interpretability in our findings. The results of the
meta-analysis, shown in the forest plot (Fig. 2), indicate a pooled



SPANDIDOS
PUBLICATIONS

Study name

Cherrier et al., 2001a
Cherrier et al., 2001b
Cherrier et al., 2001c
Cherrier et al., 2005a
Cherrier et al., 2005b
Cherrier et al., 2005bc
Cherrier et al., 2005d
Cherrier et al., 2005he
Emmelot-Vonk et al., 2008a
Emmelot-Vonk et al., 2008b
Emmelot-Vonk et al., 2008c
Emmelot-Vonk et al., 2008e
Emmelot-Vonk et al., 2008f
Emmelot-Vonk et al., 2008g
Emmelot-Vonk et al., 2008h
Emmelot-Vonk et al., 2008i
Huang et al., 2016a

Huang et al., 2016b

Huang et al., 2016¢

Huang et al., 2016e

Huang et al., 2016f

Huang et al., 2016g

Huang et al., 2016h

Huang et al., 2016i
Janowsky et al., 1994a
Janowsky et al., 1994b
Janowsky et al., 1994c
Janowsky et al., 1994d
Janowsky et al., 1994e
Janowsky et al., 2000
Kenny et al., 2002a

Kenny et al., 2002b

Kenny et al., 2002c

Kenny et al., 2002d

Kenny et al., 2004a

Kenny et al., 2004b

Kenny et al., 2004¢c

Kenny et al., 2004d

Kenny et al., 2004e
Lasaite et al., 2016a
Lasaite et al., 2016b
Lasaite et al., 2016¢
Lasaite et al., 2016d

Maki et al., 2007a

Maki et al., 2007b

Maki et al., 2007¢c

Maki et al., 2007d

Maki et al., 2007e

Maki et al., 2007f

Maki et al., 2007g

Maki et al., 2007h

Maki et al., 2007i

Maki et al., 2007j

Maki et al., 2007k

Resnick et al., 2017a
Resnick et al., 2017b
Resnick et al., 2017¢
Resnick et al., 2017d
Resnick et al., 2017e
Resnick et al., 2017f
Resnick et al., 2017i
Resnick et al., 2017j
Resnick et al., 2017k
Vaughan et al., 2007a
Vaughan et al., 2007b
Vaughan et al., 2007¢c
Vaughan et al., 2007d
Vaughan et al., 2007e
Vaughan et al., 2007f
Vaughan et al., 2007g

Outcome

Total time

Saving score

Total num correct
Route test

Story recall

Verbal fluency
Stroops

SOPT

Boston JLO

DSS

SMR
RAVL-immediate
RAVL-delayed
Trail-making test A1
Trail-making test A2
Trail-making test B
Complex figure immediate
Complex figure delayed
Paragraph Delayed
Buschke delayed
Verbal fluency
Category fluency
Stroop interference
Trail-making test B
Delayed recall
Grooved pegboard
Visual reproduction Il
Trail-making test B
Block design

SOP performance
Digit span

Digit symbol
Trail-making test A
Trail-making test B
MMSE score

Digit span

Verbal fluency

Clock drawing score
Trail-making test B
Trail-making test A
Trail-making test B
Digit span forwards.
Digit span backwards
CVLT-verbal learning
CVLT-shot delay recall
CVLT-long delay recall
BVRT

Word span

Digit span forwards
Digit span backwards
Trail-making test A
Trail-making test B
Grooved pegboard

Point

0,451
0,457
0,446
0,452
0,459
0,456
0,459
0,457
0,460
0,460
0,458
0,459
0,459
0,460
0,460
0,458
0,456
0,454
0,442
0,435
0,461
0,433
0,439
0,436
0,458
0,458
0,459
0,456
0,456
0,446
0,454
0,458
0,459
0,458
0,448
0,454
0,455
0,454
0,456
0,456
0,452
0,454
0,451
0,458
0,456
0,456
0,457
0,457
0,458
0,456
0,457
0,455
0,456

Grooved pegboard nondominant 0,457

MMSE

Paragraph Delayed
BVRT

Card rotation test
Trail-making test A
Trail-making test B

3MSE

MAC-Q

Immediate paragrph recall
BVRT

Boston JLO

Digit span forwards.

Digit span backwards
Trail-making test A
Trail-making test B

Verbal memory total recall

Wahjoepramono et al., 2016 aa MMSE
Wahjoepramono et al., 2016 ab RVLT-Immediate recall
Wahjoepramono et al., 2016 ac RVLT-Delayed recall
Wahjoepramono et al., 2016 ba MMSE
Wahjoepramono et al., 2016 bb RVLT-Immediate recall
Wahjoepramono et al., 2016 bc RVLT-Delayedrecall

Wolf et al., 2000a
Wolf et al., 2000b
Wolf et al., 2000c
Wolf et al., 2000d
Wolf et al., 2000e
Wolf et al., 2000f
Wolf et al., 2000g

Verbal fluency

0,462
0,461
0,461
0,460
0,461
0,459
0,460
0,461
0,461
0,433
0,440
0,431
0,419
0,458
0,460
0,447
0,452
0,455
0,456
0,452
0,454
0,455
0,455

spatial memory immediate recall 0,454

spatial memory delayed recall
Verbal memory delayed recall

0,453
0,454

Verbal memory immediate recall 0,455

Stroop
Mental rotation

0,455
0,449
0,454

BIOMEDICAL REPORTS 22: 105, 2025

Statistics with study removed

Standard
error

0,058
0,058
0,057
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,057
0,055
0,058
0,055
0,056
0,056
0,058
0,058
0,058
0,058
0,058
0,057
0,058
0,058
0,058
0,058
0,057
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,059
0,059
0,059
0,059
0,059
0,059
0,059
0,059
0,059
0,056
0,057
0,055
0,054
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,058
0,057

Variance

0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,004
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003
0,003

Lower
limit
0,338
0,344
0,334
0,339
0,346
0,343
0,346
0,344
0,346
0,346
0,344
0,345
0,345
0,346
0,346
0,344
0,342
0,340
0,331
0,326
0,347
0,325
0,329
0,327
0,344
0,345
0,346
0,343
0,343
0,334
0,341
0,344
0,346
0,345
0,336
0,341
0,342
0,341
0,343
0,342
0,339
0,341
0,338
0,345
0,342
0,343
0,344
0,344
0,345
0,343
0,343
0,342
0,343
0,344
0,347
0,345
0,345
0,344
0,346
0,343
0,344
0,346
0,346
0,323
0,328
0,324
0,313
0,345
0,346
0,334
0,339
0,342
0,343
0,339
0,341
0,342
0,342
0,340
0,340
0,341
0,342
0,342
0,336
0,341

Upper
limit
0,564
0,570
0,559
0,566
0,572
0,569
0,572
0,570
0,574
0,574
0,572
0,573
0,573
0,574
0,574
0,572
0,570
0,567
0,554
0,544
0,575
0,541
0,549
0,545
0,571
0,572
0,572
0,569
0,569
0,558
0,568
0,571
0,572
0,571
0,561
0,566
0,567
0,567
0,569
0,569
0,565
0,567
0,565
0,571
0,569
0,570
0,570
0,570
0,571
0,569
0,570
0,568
0,569
0,570
0,577
0,576
0,576
0,576
0,577
0,575
0,576
0,577
0,577
0,542
0,551
0,538
0,524
0,571
0,573
0,560
0,565
0,568
0,569
0,565
0,567
0,568
0,568
0,567
0,567
0,568
0,568
0,569
0,562
0,566

Z-Value

7,835
7,935
7,774
7,843
7,946
7,902
7,952
7,910
7,913
7,906
7,872
7,890
7,898
7,912
7,908
7,864
7,855
7,821
7,789
7,843
7,943
7,861
7,815
7,809
7,919
7,931
7,944
7,888
7,887
7,777
7,870
7,925
7,952
7,932
7,815
7,885
7,903
7,890
7,930
7,891
7,841
7,861
7,830
7,935
7,897
7,913
7,919
7,915
7,942
7,91
7,914
7,881
7,909
7,916
7,856
7,812
7,817
7,779
7,839
7,758
7,784
7,827
7,832
7,733
7,739
7,898
7,775
7,944
7,941
7,773
7,833
7,879
7,900
7,831
7,862
7,876
7,871
7,849
7,848
7,860
7,871
7,876
7,796
7,919

p-Value

0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
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Figure 3. Leave-One-Out sensitivity analysis for overall effect size. This plot displays the results of a sensitivity analysis, where each study was sequentially
removed to assess its impact on the overall effect size. The consistent effect sizes across all iterations confirm the robustness of the pooled estimate, with
minimal variation observed when individual studies were excluded.

SMD of 0.454 (95% CI: 0.341 to 0.566; P<0.001), suggesting a
small but statistically significant effect of androgen therapy on
cognitive function. The forest plot displays each study's effect

sizes and confidence intervals, showing variability across the
studies but with a consistent positive effect trend. Sensitivity
analysis, depicted in Fig. 3, revealed that removing individual
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Study name Subgroup within study Statistics for each study $Std diff in means and 95% ClI
Std diff Standard Lower Upper
inmeans error Variance limit limit  Z-Value p-Value
Cherrier et al., 2001a Attention 0,740 0,414 0,171 -0,071 1551 1,788 0,074
Emmelot-Vonk et al., 2008g 0,069 0,134 0,018 -0,194 0331 0511 0,609
Emmelot-Vonk et al.,, 2008h 0,079 0,134 0,018 -0,183 0,342 0,592 0,554
Kenny et al., 2002b 0,123 0,303 0,092 -0471 0717 0405 0,686
Kenny et al., 2002¢ 0,000 0,303 0,092 -0,593 0,593 0,000 1,000
Lasaite et al., 2016a 0,299 0,326 0,106 -0,340 0939 0917 0,359
Maki et al., 2007h 0,186 0,366 0,134 -0,531 0903 0,508 0,611
Resnick et al., 2017e 0,021 0,071 0,005 -0,118 0,161 0,301 0,763
Vaughan et al., 2007e 0,000 0,434 0,188 -0,851 0,851 0,000 1,000 ——
0,062 0,053 0,003 -0,041 0,166 1,179 0,238 s ’
Cherrier et al.,, 2005bc Executive function 0,238 0,314 0,098 -0,376 0,853 0,760 0,447 ——
Cherrier et al., 2005d 0,000 0,312 0,098 -0612 0612 0,000 1,000 ——
Emmelot-Vonk et al., 2008i 0,215 0,134 0,018 -0,048 0478 1,599 0,110 -
Huang et al., 2016f 0,000 0,145 0,021 -0285 0,285 0,000 1,000 —-—
Huang et al., 2016g 1,729 0,171 0,029 1,394 2064 10,115 0,000 —
Huang et al., 2016h 1,408 0,163 0,027 1,086 1725 8629 0,000 ——
Huang et al., 2016i 1,607 0,180 0,032 1254 1960 8918 0,000 —
Janowsky et al., 1994b 0,094 0,268 0,072 -0430 0619 0352 0,725 —t—
Janowsky et al., 1994d 0,287 0,269 0,072 -0,239 0,814 1,069 0,285 L
Kenny et al., 2002d 0,090 0,303 0,092 -0,504 0684 0297 0,767 s t—
Kenny et al., 2004c 0,310 0,609 0,371 -0,884 1504 0,509 0,610 ———
Kenny et al., 2004e 0,047 0,606 0,367 -1,140 1234 0,078 0,938 —
Lasaite et al., 2016b 0,596 0,332 0,110 -0,054 1246 1,798 0,072 pr—
Maki et al., 2007i 0,381 0,368 0,136 -0,341 1,103 1,035 0,301 ——
Maki et al., 2007j 0,212 0,366 0,134 -0,506 0,930 0,579 0,563 —
Maki et al., 2007k 0,173 0,366 0,134 -0,544 0890 0472 0637 —
Resnick et al., 2017f 0,154 0,071 0,005 0014 0294 2159 0,031 =
Vaughan et al., 2007 0,043 0,209 0,043 -0,366 0451 0,205 0,838 ——
Wolf et al., 2000a 0,364 0,260 0,068 -0,146 0,875 1,400 0,162 Ec—
Wolf et al., 2000f 0,339 0,260 0,068 -0,171 0,848 1302 0,193 j—
0,442 0,145 0,021 0,158 0,725 3,055 0,002 ,’
Cherrier etal., 2001c Global 1,353 0,444 0,197 0,483 2223 3,049 0,002 ——
Kenny et al., 2004a 1,590 0,694 0482 0230 2950 2291 0,022
Resnick et al., 2017a 0,000 0,071 0,005 -0,140 0,140 0,000 1,000 :
Resnick et al., 2017i 0,104 0,071 0,005 -0,035 0,244 1462 0,144
Wahjoepramono et al., 2016 aa 0,624 0,309 0,095 0,019 1,229 2,020 0,043 [
Wahjoepramono et al., 2016 ba 0,633 0,309 0,095 0,027 1239 2,049 0,040 i
0,373 0,146 0,021 0,086 0659 2547 0,011 *’
Cherrier et al., 2001b 0,066 0,400 0,160 -0,719 0851 0,165 0,869 ——
Cherrier et al., 2005a 0,573 0,319 0,102 -0,051 1,198 1,799 0,072 fr—
Cherrier et al., 2005b 0,023 0,312 0,098 -0,589 0,636 0,075 0,940 ——
Cherrier et al., 2005he 0,198 0,313 0,098 -0416 0812 0633 0,527 ——
Emmelot-Vonk et al., 2008b 0,084 0,134 0,018 -0,179 0,346 0624 0,532 -
Emmelot-Vonk et al., 2008¢ 0,186 0,134 0,018 -0,077 0449 1386 0,166 -
Emmelot-Vonk et al., 2008e 0,129 0,134 0,018 -0,134 0392 0961 0,336 [
Emmelot-Vonk et al., 2008f 0,105 0,134 0,018 -0,157 0,368 0,786 0,432 L
Huang et al., 2016a 0,305 0,158 0,025 -0,004 0614 1936 0,053 fu—
Huang et al., 2016b 0,482 0,161 0,026 0,166 0,797 2993 0,003 —
Huang et al., 2016¢ 1,177 0,162 0,026 0861 1494 7291 0,000 —
Huang et al., 2016e 1,617 0,168 0,028 1288 1946 9,622 0,000 —
Janowsky et al., 1994a 0,146 0,268 0,072 -0,379 0671 0545 0,586 —
Janowsky et al., 2000 1,680 0,526 0277 0549 2611 3,003 0,003 —
Kenny et al., 2002a 0,400 0,306 0,093 -0,199 1,000 1,309 0,190 —
Kenny et al., 2004b 0,499 0,615 0,378 -0,706 1,703 0,811 0417 —
Lasaite et al., 2016¢ 0,472 0,329 0,108 -0,172 1,117 1,436 0,151 —
Lasaite et al., 2016d 0,670 0,333 0,111 0,016 1,323 2,008 0,045 [r—
Maki et al., 2007a 0,074 0,365 0,133 -0642 0,790 0,203 0,839 ——
Maki et al., 2007b 0,286 0,367 0,135 -0433 1,005 0,779 0436 ——
Maki et al., 2007¢ 0,190 0,366 0,134 -0,527 0908 0,520 0,603 —
Maki et al., 2007e 0,180 0,366 0,134 -0,537 0897 0491 0,623 —
Maki et al., 2007f 0,034 0,365 0,133 -0,682 0,750 0,094 0,925 —
Maki et al., 2007g 0,202 0,366 0,134 -0515 0920 0,552 0,581 —
Resnick et al., 2017b 0,060 0,071 0,005 -0,080 0,199 0,838 0,402 o
Resnick et al., 2017j 0,038 0,071 0,005 -0,101 0,178 0,540 0,589 o
Resnick et al., 2017k 0,031 0,071 0,005 -0,109 0,171 0,435 0,664 o
Vaughan et al., 2007¢c 1,849 0,170 0,029 1515 2,183 10,860 0,000 —
Vaughan et al., 2007d 3,645 0,340 0,116 2978 4312 10,717 0,000 —
Vaughan et al., 2007g 0,936 0,220 0,048 0506 1,367 4,264 0,000 —
Wahjoepramono et al., 2016 bb 0,447 0,305 0,093 -0,151 1,045 1464 0,143 —
Wahjoepramono et al., 2016 bc 0,368 0,304 0,092 -0228 0964 1211 0,226 ——
Wolf et al., 2000b 0,478 0,262 0,069 -0,035 0992 1,827 0,068 fu—
Wolf et al., 2000c 0,483 0,262 0,069 -0,031 0996 1,842 0,065 fo—
Wolf et al., 2000d 0,422 0,261 0,068 -0,090 0934 1617 0,108 fre—
Wolf et al., 2000e 0,365 0,260 0,068 -0,146 0875 1,400 0,161 —
0,509 0,008 0,010 0318 0,701 5209 0,000 K 2
Emmelot-Vonk et al., 2008aVisuospatial abilities 0,065 0,134 0,018 -0,197 0,328 0489 0625 L
Janowsky et al., 1994c 0,040 0,267 0,072 -0484 0564 0,150 0,881 ——
Janowsky et al., 1994e 0,293 0,269 0,072 -0234 0819 1,088 0,277 ————
Kenny et al., 2004d 0,447 0,613 0,376 -0,754 1649 0,730 0,466
Maki et al., 2007d 0,158 0,366 0,134 -0,559 0875 0432 0,666 ——
Resnick et al., 2017¢ 0,052 0,071 0,005 -0,088 0,192 0,729 0,466 4
Resnick et al., 2017d 0,113 0,071 0,005 -0,027 0253 1,584 0,113 -
Vaughan et al., 2007a 2,059 0,258 0,067 1554 2565 7,984 0,000
Vaughan et al., 2007b 1,494 0,236 0,056 1,032 1957 6,337 0,000 —
Wahjoepramono et al., 201€ 0,353 0,304 0,092 -0242 0949 1,162 0,245 ———
Wahjoepramono et al., 201€ 0,243 0,303 0,082 -0,350 0,836 0,804 0422 ——
Wolf et al., 2000g 0,817 0,269 0,072 0290 1,343 3,038 0,002 ——
0,498 0,151 0,023 0201 0794 3,289 0,001 ”
0,226 0,041 0,002 0,146 0306 5542 0,000 i
-8,00 -4,00 0,00 4,00 8,00

* Green and red diamonds represent subgroup-level and overall pooled resuits.

Figure 4. Forest plot of SMD Across Cognitive Domains. This forest plot presents the pooled SMD and 95% CI for the effect of the intervention on different
cognitive domains, including attention, executive function, global cognitive function and visuospatial abilities. Each horizontal line represents the 95% CI for
an individual study, while the diamonds indicate the overall pooled effect size for each cognitive domain. A positive SMD reflects an improvement in cognitive
performance, whereas a negative SMD suggests a decline. The vertical line at zero represents no effect, and values crossing this line are considered statistically
non-significant. SMD, standardized mean differences; CI, confidence intervals.

studies did not substantially alter the pooled estimate, The results of the subgroup meta-analysis, shown in
which ranged from 0.451 to 0.457 across different iterations, the forest plot (Fig. 4), indicate the following pooled SMDs
confirming the robustness of the findings. across cognitive domains: for attention, the SMD was 0.226
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Figure 5. Funnel plot of precision by standardized mean difference. The funnel plot assesses publication bias in the meta-analysis. The distribution of studies
reveals asymmetry, suggesting potential publication bias. The vertical line represents the pooled effect size, and studies distributed symmetrically around it
would indicate low publication bias. Std diff, standardized mean differences; Std err, standard error.

(95% CI: 0.041 to 0.411; P=0.016), suggesting a small but
statistically significant positive effect; for executive func-
tion, the SMD was 0.226 (95% CI: 0.146 to 0.306; P<0.001),
indicating a small but robust positive effect; for global cogni-
tive function, the SMD was 0.488 (95% CI: 0.306 to 0.669;
P<0.001), representing a moderate and statistically significant
improvement; and for visuospatial abilities, the SMD was
0.226 (95% CI: -0.012 to 0.465; P=0.062), indicating a small
and non-significant trend toward improvement.

A funnel plot (Fig. 5) was constructed to evaluate publi-
cation bias, and asymmetry was assessed with Begg and
Mazumdar's rank correlation and Egger's regression intercept.
Begg's test yielded Kendall's tau of 0.265 with a P<0.001, and
Egger's test showed an intercept of 1.92 (P<0.001), indicating
significant publication bias. Furthermore, the classic fail-safe
N test indicated that 6,476 studies would be required to nullify
the observed effect, suggesting that the results are highly
resistant to the impact of unpublished null findings. Orwin's
fail-safe N supported these findings, setting a trivial effect size
criterion of 0.25 and yielding consistent results. The Duval and
Tweedie trim-and-fill method (Fig. 6) was applied to adjust
for potential publication bias. The adjusted pooled effect size
under both fixed and random effects models remained similar
to the observed values (SMD=0.454), reinforcing the robust-
ness of the results despite the detected asymmetry. Detecting
significant publication bias underscores the potential influence
of unpublished studies with null results on the pooled effect
size. However, the fail-safe N tests indicate a robust effect that
is resistant to the inclusion of additional null studies. While
the Duval and Tweedie trim-and-fill method suggests that
the adjusted pooled effect size remains consistent, indicating
that the observed effect is not solely attributable to bias, it

is important to interpret these findings with caution. The
observed asymmetry may also reflect differences in study
quality, reporting practices, or sample sizes, which can skew
the distribution of reported effect sizes. Future studies with
rigorous methodology and transparent reporting are crucial to
validate these findings and mitigate potential biases.

Additionally, a dose-response regression analysis, exam-
ining the relationship between androgen dose and effect size,
is presented in Fig. 7. A slight positive trend was observed and
the association reached statistical significance (slope P=0.01),
suggesting that higher doses do yield greater cognitive benefits.
However, the baseline testosterone level and duration of treat-
ment showed no effect on the cognitive outcomes (data not
shown, P>0.05)

The distribution of true effects across studies (Fig. 7)
displays the results of the precision analysis revealing a
significant positive effect, with a mean effect size of 0.45
and a 95% confidence interval ranging from 0.34 to 0.57.
This indicates a moderate and statistically significant impact
of the intervention or treatment being studied. However, it is
important to note the considerable variability in the true effect
sizes across different populations. The analysis suggests that
in 95% of comparable populations, the true effect size could
fall anywhere between-0.44 and 1.34. This wide range encom-
passes both negative and positive effects, suggesting that while
the overall trend is positive, the intervention's impact may vary
substantially depending on the specific population or context.
This heterogeneity in effects underscores the importance of
considering individual differences and contextual factors
when interpreting and applying these findings to real-world
scenarios. A significant source of heterogeneity was identi-
fied in participant demographics, such as baseline cognitive
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Figure 6. Regression of dose (mg) on SMD. This scatter plot examines the relationship between testosterone dose and cognitive effect size (SMD) across
studies. Each circle represents an individual study, with the circle size proportional to the study weight. A slight positive trend is observed, with higher doses
correlating with modest improvements in cognitive outcomes. SMD or Std diff, standardized mean differences.
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Figure 7. Precision interval analysis showing the distribution of true effects in standardized mean differences. This plot shows the estimated distribution of
true effect sizes across studies. The curve represents the likely range of effect sizes in comparable populations, with most values concentrated between O and 1,
indicating a modest but positive effect of androgen replacement therapy on cognitive function.

status, age and baseline testosterone levels, which ranged
from 215 to 350 ng/dl. Variations in study design, including
the mode of testosterone administration (injections, gels,
patches), dosage and treatment duration, further contributed to
heterogeneity. Additionally, cognitive testing protocols varied
across studies, with some utilizing comprehensive neuropsy-
chological batteries while others focused on specific domains
(these sources of heterogeneity persisted even in the subgroup
analyses). The random-effects model was chosen to account
for this diversity, and subgroup analyses were conducted to
explore potential sources of variability.

Discussion

The present systematic review and meta-analysis examined
the impact of ART on cognitive functions in hypogonadal
men, synthesizing data across studies to assess outcomes in
domains such as memory, attention and executive function.
The meta-analysis yielded a pooled SMD of 0.454 (95% CI:
0.341 to 0.566; P<0.001), indicating a statistically significant
but small-to-moderate effect size in favor of ART's role in
enhancing cognitive performance in hypogonadal individuals.
The results showed consistency across various studies despite
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differences in sample sizes, cognitive assessment tools and
ART administration protocols. Sensitivity analyses further
confirmed the robustness of these findings, as the exclusion
of any individual study did not significantly alter the overall
effect size.

The heterogeneity in ART regimens, including differences
in dosage, duration and administration methods, likely influ-
enced the overall findings of the present meta-analysis. Studies
with longer treatment durations (=12 months) (37) and higher
doses (200 mg biweekly) (37) demonstrated more consistent
improvements in memory and executive function, possibly
due to sustained neuroprotective effects of stable testosterone
levels over time. Conversely, studies with shorter treatment
durations (for example, <4 weeks) (39) often reported minimal
cognitive improvements, potentially reflecting an insufficient
timeframe for neurogenesis or synaptic remodeling to occur.
Variations in the mode of administration also played a role,
as intramuscular injections tended to produce more rapid and
pronounced cognitive effects compared with transdermal
formulations, which provide more stable but slower-acting
testosterone levels. This variability may have contributed to
the observed discrepancies in domains such as visuospatial
ability, where ART appeared to have limited effects regardless
of the regimen. Additionally, the absence of ART-combination
treatments, such as concurrent cognitive training or physical
exercise, may have further constrained the potential for
synergistic cognitive gains. These findings underscore the
importance of considering treatment parameters and indi-
vidual response variability when interpreting the effects of
ART on cognitive function. Standardization in ART protocols
across future studies, particularly with respect to dose and
duration, may help clarify the true domain-specific cognitive
benefits of testosterone supplementation.

The cognitive benefits of ART observed in the present study
align with findings from previous research. Previous studies,
such as Cherrier et al (8), found significant improvements in
verbal memory following testosterone supplementation in
older hypogonadal men, which aligns with our meta-analysis
results showing positive effects in memory-related tasks (7).
Similarly, Janowsky et al (32) found that testosterone admin-
istration improved spatial cognition in older men, suggesting
that spatial memory and navigation skills may be particularly
responsive to testosterone treatment (32). In line with that, a
later study by Janowsky et al (7) confirmed these findings,
showing that testosterone improved performance on tasks
requiring spatial and working memory, further indicating a
consistent impact of ART on specific memory-related cognitive
domains (7). Further evidence comes from Kenny et al (33),
who conducted an RCT in which hypogonadal men received
transdermal testosterone over 6 months. The study found signif-
icant improvements in attention and executive functioning, as
assessed by the Trail-Making Test and Stroop interference test,
both sensitive to attentional and cognitive control processes.
These findings suggest that ART may benefit memory and
positively impact executive functions, such as processing speed
and cognitive flexibility. This effect is particularly relevant for
daily functioning, as cognitive control is crucial for managing
complex tasks (33). However, results across studies have not
been uniformly positive. For example, Emmelot-Vonk ez al (9)
reported mixed findings, where testosterone supplementation
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improved specific areas including attention but did not
significantly enhance overall cognitive performance. In their
large-scale RCT involving 237 older men, cognitive benefits
were observed primarily in attention, with minimal effects on
global cognitive scores. The lack of improvement in global
cognition might be attributed to the variability in cognitive
assessments used or individual differences in baseline cogni-
tive functioning. The authors suggested that the limited impact
on broader cognitive domains could be due to insufficient
dosage or duration of ART to elicit larger cognitive effects
across all domains (9). More recently, Huang ez al (35) exam-
ined the effects of long-term testosterone administration on
cognition in older men with low to low-normal testosterone
concentrations. Their study, a secondary analysis of the
TEAAM trial, found some improvement in specific cognitive
tasks, particularly in verbal memory and complex figure tests,
which assess visuospatial and memory functions. However,
similar to Emmelot-Vonk et al (9), Huang et al (35) found that
the effects of testosterone were not pervasive across all cogni-
tive domains, indicating that ART may selectively enhance
certain cognitive functions while having little to no impact on
others (35).

The findings of the present study are consistent with this
pattern, where improvements in memory, especially verbal
memory, were evident across studies. However, ART's effect
on broader cognitive domains remains less consistent. These
variations could result from differences in study design, such as
testosterone administration method (injections, gels, patches),
dose, therapy duration, and variations in cognitive testing proto-
cols. Additionally, factors such as baseline testosterone levels and
the age of participants likely influence the cognitive response
to ART. For instance, studies involving younger hypogonadal
men [for example, Lasaité er al (5)] have shown that younger age
groups may exhibit more pronounced cognitive benefits, possibly
due to higher neuroplasticity in younger individuals.

In line with this, the current meta-analysis found a
significant effect on executive function and global cognition,
indicating that ART may enhance higher-order cognitive
processes and overall cognitive performance. However,
the effects on attention and visuospatial abilities were less
pronounced. These findings underscore the complexity of
ART's impact on cognition, with domain-specific effects that
may depend on both biological and methodological factors.
The observed improvements in executive function, for example,
may reflect the role of testosterone in modulating brain regions
such as the prefrontal cortex, which governs cognitive control
and working memory. Conversely, the lack of significant
improvements in attention and visuospatial tasks suggests
that these domains may be less sensitive to androgen levels
or require longer intervention periods to exhibit measurable
changes. Further research should aim to address these discrep-
ancies by standardizing study designs and exploring potential
moderators, such as participant age, baseline cognitive status,
and genetic predispositions, to improve understanding of the
nuanced cognitive effects of ART.

The administration method also plays a crucial role in
ART outcomes. Studies that used injectable testosterone, such
as testosterone enanthate or testosterone cypionate, tended to
show more immediate cognitive effects (7) compared with
slower-releasing transdermal gels and patches (31). However,
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the long-term benefits of transdermal testosterone suggest it
may offer more stable cognitive gains over extended periods,
particularly for memory-related tasks (9,31).

The current findings align with and extend those of previous
meta-analyses by Zhang et al (10) and Hong et al (11) (the latter
shares 75% of the eligible studies with our meta-analysis),
but with notable methodological and interpretive differ-
ences. Zhang et al (10) conducted a CMA that included both
observational studies and RCTs, highlighting mild cognitive
improvements, particularly in verbal memory, but only in
short-term follow-ups (up to 6 months). Their analysis was
limited by small sample sizes in intervention studies and a
lack of detailed exploration of dose-response relationships. By
contrast, Hong er al (11) focused exclusively on elderly popula-
tions across 15 RCTs and found no significant improvements
in cognitive speed, working memory, or attention-related
tasks, attributing these null findings to study heterogeneity
and potential publication bias. Unlike these studies, the
current meta-analysis included longer follow-up periods (up
to 36 months) and incorporated diverse ART administration
methods, allowing us to capture potential long-term cognitive
effects. Precision intervals were also employed instead of
relying solely on I2, providing a more nuanced assessment of
heterogeneity and identifying modest but statistically signifi-
cant improvements in executive function, which were absent in
the findings of Hong ez al (11). Additionally, our dose-response
analysis revealed a significant positive association between
testosterone dosage and cognitive improvement (P=0.01),
suggesting that dosage optimization may play a critical role
in ART efficacy. These findings underscore the importance of
personalized ART regimens and suggest that future research
should focus on optimizing treatment protocols and conducting
long-term RCTs stratified by cognitive risk profiles.

In addition, the study by Ponce et al (41) conducted a
systematic review of RCTs on testosterone replacement
therapy (TRT) in hypogonadal men, focusing on validated
patient-important outcomes (PIOs) including sexual function,
mood and adverse events such as erythrocytosis, with strict
inclusion criteria (TT <300 ng/dl, =12-week duration). Their
findings indicated modest improvements in sexual desire
(SMD: 0.17), erectile function (SMD: 0.16) and sexual satisfac-
tion (SMD: 0.16), but no significant effect on mood or energy,
alongside an increased risk of erythrocytosis (RR: 8.14). By
contrast, the present study incorporated broader testosterone
thresholds, longer follow-up durations and additional cognitive
assessments, allowing for the capturing of potential long-term
effects on cognition. Furthermore, dose-response and subgroup
analyses were performed, strengthening insights into treatment
variability, while Ponce et al's (41) focus remained on general
PIOs without stratification for cognitive or individual-level
factors, making the current findings more comprehensive for
personalized TRT strategies.

An important consideration in our meta-analysis is the
potential age-related bias in study selection. The majority of
the included studies focused on older men with age-related
hypogonadism (typically aged =50 years). This focus is clini-
cally relevant, as older adults represent the primary population
for ART due to the natural decline in testosterone levels with
age and the increased prevalence of cognitive complaints (42).
However, this also limits the generalizability of the present

findings to younger hypogonadal men, who may exhibit
different cognitive responses to ART. Age-related biological
factors, such as reduced AR density and decreased neuro-
plasticity, may attenuate the cognitive benefits of ART in
older individuals (43). Moreover, the presence of age-related
comorbidities, such as cardiovascular disease and diabetes,
may confound cognitive outcomes, as these conditions can
independently affect cognitive function (44). The observed
modest effect sizes in the present analysis may reflect these
age-related influences. By contrast, younger individuals
with non-age-related hypogonadism may experience more
pronounced cognitive benefits due to greater baseline neuro-
plasticity, fewer comorbidities, and potentially higher AR
sensitivity (45).

A review of the 14 included studies revealed that bioavail-
able testosterone levels were commonly reported alongside
total testosterone, with several studies, such as those by
Kenny et al (33,34), showing significant increases in bioavail-
able testosterone in treatment groups following ART. By
contrast, no notable changes were observed in control groups.
Additionally, SHBG levels, which influence the proportion of
free and bioavailable testosterone, were consistently moni-
tored in studies such as Lasaité et al (5) and Cherrier et al (8).
While SHBG levels showed variability across participants,
they generally remained stable during ART. However, none of
the included studies directly measured AR levels, though some
studies, such as Lag3aité et al (5), discussed the potential role
of AR polymorphisms and receptor sensitivity in influencing
cognitive outcomes. To address this limitation, it is important
to note that AR-related factors were not quantitatively assessed
but were acknowledged as potential moderators in cogni-
tive responses to ART. Including bioavailable testosterone
as a key outcome alongside total testosterone aligns with
common endocrinological protocols, as it provides a more
precise indicator of the active hormonal fraction. Therefore,
while hormonal measures such as bioavailable testosterone
and SHBG were routinely considered, the absence of direct
AR-level data highlights an area for further research.

The mechanisms underlying the cognitive effects of ART
are indeed complex and appear to involve multiple pathways,
both direct and indirect. One major pathway is the action of
testosterone through ARs, which are widely distributed in brain
regions that are crucial for cognitive functions, particularly
memory and learning. Key areas such as the hippocampus,
amygdala and prefrontal cortex have high densities of ARs,
which suggests a direct link between testosterone levels and
cognitive performance in these regions (13). Activation of
these receptors is considered to facilitate neuroprotective
effects, including the enhancement of synaptic connectivity,
modulation of neurotransmitter levels and protection against
neurodegenerative processes (14). Additionally, testosterone
undergoes aromatization in the brain to form estradiol, a
process that plays a significant role in synaptic plasticity,
neurogenesis and neuronal survival. Estradiol, the primary
estrogen in the brain, has well-documented effects on synaptic
density and cognitive function. It enhances dendritic spine
growth in the hippocampus and prefrontal cortex, which
are structures critical for memory formation and executive
function (46). By acting as a precursor to estradiol, testos-
terone contributes indirectly to these cognitive benefits,
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particularly in brain areas involved in verbal memory, spatial
navigation and attention (14,24). The neuroprotective effects
of testosterone may also be attributed to its influence on
neurotransmitter systems. For example, testosterone has
been shown to enhance dopamine release, a neurotransmitter
essential for motivation, reward processing and executive
functioning (47). Dopaminergic pathways are particularly
dense in the prefrontal cortex, a brain area involved in plan-
ning, problem-solving and impulse control. Furthermore,
testosterone may positively affect serotonin and GABAergic
systems, contributing to mood regulation and stress resilience,
which indirectly supports cognitive performance by reducing
anxiety and depressive symptoms commonly associated with
cognitive decline (48).

Despite these plausible mechanisms, the effect sizes
observed in the current analysis were modest. Although testos-
terone appears to have neuroprotective and cognitive-enhancing
effects, these benefits might be limited by several factors. First,
individual variability in AR density, which declines with age,
may reduce the brain's responsiveness to ART, particularly in
older men (32). Second, cognitive decline is a multifactorial
process that involves numerous interacting elements beyond
testosterone levels, such as genetic predisposition, cardiovas-
cular health, lifestyle factors and other hormonal changes.
Therefore, while ART may provide some cognitive benefits,
it may not fully counteract or reverse cognitive deficits that
result from these broader, complex mechanisms (15). Finally,
while testosterone's conversion to estradiol is beneficial for
synaptic health, excessive estradiol in men could potentially
lead to adverse effects, including mood instability and even
cognitive impairments if levels exceed the optimal range (25).
This suggests a need for personalized ART dosing to balance
the benefits of testosterone, particularly given the variability in
individual responses to testosterone supplementation.

One advantage of the present study is the rigorous meth-
odology, adhering to PRISMA guidelines, with thorough
data extraction and evaluation of each study's methodological
quality using the CONSORT and ROBINS-I tool check-
list. The current analysis also included a dose-response
assessment, revealing a slight positive correlation between
testosterone dose and cognitive effect size (slope P=0.01).
This suggests a dose-dependent relationship, though the
absence of a significant duration-response effect indicates
that the duration of ART may not be as influential as dosage
in determining cognitive outcomes. Our findings underscore
the importance of dosage and duration in determining ART
efficacy. However, the variability in dosages (ranging from
5 mg/day to 250 mg/week) and therapy durations (5 days to
36 months) complicates direct comparisons between studies.
This highlights the need for standardizing ART protocols and
further clarifying the relationship between these parameters
and cognitive outcomes. Future research should investigate
the effects of varying regimens across different populations
to identify optimal ART combinations and dosing schedules
for specific cognitive domains. Nevertheless, there are limi-
tations to the present study. First, substantial heterogeneity
was present across studies, with variations in ART protocols,
cognitive tests and participant demographics, which may
confound results. Although a random-effects model and
precision intervals were used to mitigate this heterogeneity,
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these factors remain potential sources of bias. The age-related
focus of the included studies may limit the generalizability of
findings to younger men with hypogonadism. Additionally,
the presence of comorbid conditions, such as cardiovascular
disease and diabetes, and comorbidities associated with
decreased androgen levels (schizophrenia, multiple sclerosis
and acute lymphoblastic leukemia) may have influenced cogni-
tive outcomes independently, which could have attenuated
the observed effect sizes (49). Future studies should stratify
participants by age and comorbidity status to account for these
confounding factors. Furthermore, the presence of publication
bias, as indicated by the funnel plot and Begg's and Egger's
tests, suggests an overrepresentation of positive findings. The
trim-and-fill method adjusted for this bias, but the overall
effect size remained relatively unchanged, underscoring that
ART's cognitive effects, though consistent, may be modest.
Additionally, the generalizability of the current findings may
be limited by the characteristics of the included studies, which
primarily involved older men with age-related hypogonadism.
Cognitive effects may differ in younger populations or those
with non-age-related hypogonadism, necessitating caution in
extrapolating our results beyond the studied demographic.

The findings of the present study have potential implications
for the clinical management of cognitive deficits in hypogo-
nadal patients. Given the observed cognitive benefits, ART
could be considered as part of a broader therapeutic approach
for older men with hypogonadism and cognitive complaints.
Clinicians should temper expectations, as the modest effect
sizes indicate that ART alone is unlikely to yield substantial
cognitive gains for all patients. The decision to initiate ART
should balance potential cognitive benefits against associated
risks, particularly cardiovascular health and prostate compli-
cations. ART may be most beneficial when combined with
lifestyle interventions such as exercise and cognitive training,
which have independently demonstrated positive effects on
cognitive function. Non-pharmacological interventions, such
as cognitive training, aerobic exercise and dietary supplemen-
tation, have also demonstrated efficacy in improving cognitive
outcomes in hypogonadal men (50). For instance, aerobic exer-
cise has shown significant improvements in executive function
and memory, suggesting that combining ART with lifestyle
modifications may yield more robust cognitive benefits (51).
Currently, there is a lack of studies directly comparing ART
with non-pharmacological interventions, such as cognitive
training, aerobic exercise, or dietary supplementation, in terms
of cognitive benefits for hypogonadal men. While ART has
been shown to improve certain cognitive functions, such as
verbal and spatial memory, in hypogonadal men (52), and
non-pharmacological interventions such as aerobic exercise
have demonstrated improvements in executive function and
memory (53), head-to-head comparative studies are needed
to determine the relative efficacy of these treatments and to
assess whether combining ART with lifestyle modifications
offers synergistic cognitive benefits.

Additionally, tailoring ART regimens to individual cognitive
risk profiles, baseline testosterone levels and comorbidity status
may optimize therapeutic outcomes while minimizing adverse
effects. In clinical practice, ART should be integrated into a
comprehensive cognitive health strategy that includes lifestyle
interventions such as exercise, nutrition and cognitive training.
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Future research should focus on understanding how ART inter-
acts with these factors to optimize cognitive resilience.

Several factors may contribute to the absence of new RCTs
or large-scale studies meeting our inclusion criteria after 2023.
First, conducting RCTs in this domain is resource-intensive,
requiring significant time and funding, particularly given the
need for long-term follow-up to capture meaningful clinical
outcomes and adverse events. Second, ethical considerations
surrounding placebo use in symptomatic hypogonadal men
could limit the feasibility of new trials. Additionally, recent
systematic reviews and meta-analyses may have already
synthesized existing evidence comprehensively, potentially
disincentivizing the initiation of new large-scale studies.
Finally, there may be an ongoing shift towards real-world
evidence and large observational studies, which some
researchers may prioritize over RCTs to capture broader
patient populations and real-world treatment effects.

In conclusion, the present systematic review and
meta-analysis provide evidence that ART has a modest but
statistically significant positive effect on cognitive function
in hypogonadal men, particularly in memory and executive
function domains. Domain-specific findings indicate that ART
shows the strongest effects in verbal memory and working
memory, with smaller but notable improvements in executive
functions such as cognitive flexibility and processing speed.
However, the effects on attention and visuospatial abilities
were less consistent, indicating that some cognitive domains
may be more responsive to ART than others. These findings
suggest that ART may be most beneficial for individuals with
mild to moderate cognitive deficits and low baseline testos-
terone levels, as observed in studies involving younger cohorts,
which reported more pronounced cognitive improvements.
Furthermore, differences in ART administration methods,
such as transdermal testosterone gels vs. intramuscular
injections, may influence outcomes, with transdermal forms
potentially offering imroved adherence and fewer adverse
events. Despite the observed benefits, the modest effect sizes
suggest that ART alone may not suffice as a comprehensive
cognitive intervention for hypogonadal men with significant
cognitive impairments. The variability in cognitive outcomes
across studies underscores the need to consider individual
factors, including age, baseline cognitive status, comorbid
conditions and genetic predispositions, when evaluating ART's
potential benefits. Clinicians should carefully balance the
potential cognitive benefits of ART with its associated risks,
particularly in patients with cardiovascular risk factors or a
history of prostate disease. Future research should prioritize
long-term RCTs involving both younger and older hypogo-
nadal populations to improve understanding of the differential
cognitive effects across age groups. Additionally, there is a
need to examine the interaction of ART with comorbid condi-
tions and lifestyle factors to better delineate its cognitive
impact. Standardizing cognitive assessments and ART dosing
protocols across studies is essential to reduce methodological
variability and improve comparability. Mechanistic studies
investigating the role of ARs, neuroplasticity, and the influ-
ence of estradiol conversion on synaptic connectivity will also
provide important insights into the pathways through which
ART influences cognitive function. These targeted research
efforts will support the development of more personalized

and effective ART regimens to address cognitive deficits in
hypogonadal men.
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