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Abstract

Traumatic brain injury (TBI) is associated with various endocrine abnormalities, including pituitary axis dysfunction.
Understanding the prevalence and temporal patterns of these dysfunctions is crucial for effective clinical management.
This study aimed to systematically review the literature and conduct a meta-analysis to determine the prevalence of pitui-
tary axis dysfunction following TBI, assess temporal patterns across different post-injury durations, and identify potential
contributing factors. A comprehensive search was conducted across multiple electronic databases between 1st of January
2000 until 31st March 2024. Studies reporting the prevalence of pituitary axis dysfunction post-TBI were included. Pooled
estimates with 95% confidence intervals (CIs) were calculated using random-effects models in the R statistical software.
Subgroup analyses were performed based on duration post-TBI (<3 months, 3—6 months, 6—12 months, > 12 months) to
explore temporal variations. Heterogeneity was assessed using the "2 statistic. A total of 52 studies were included in the
meta-analysis, encompassing 7367 participants. The pooled estimate for the prevalence of any pituitary axis dysfunction
post-TBI was 33% (95% CI [28%; 37%]). Subgroup analysis by duration revealed varying prevalence rates: <3 months (40%,
95% CI [27%; 53%]), 3—6 months (31%, 95% CI [15%; 47%]), 612 months (26%, 95% CI [19%; 33%]), and > 12 months
(32%, 95% CI [26%; 38%]). Prevalence of multiple axes affection was 7% (95% CI [6%; 9%]), with varying rates across dura-
tions. Specific axes affection varied: Growth Hormone (GH) deficiency was 18% (95% CI [14%; 21%]), adrenocorticotropic
hormone (ACTH) deficiency was 10% (95% CI [8%; 13%]), pituitary—gonadal axis hormones deficiency was 16% (95% CI
[12%; 19%]), and thyroid-stimulating hormone (TSH) deficiency was 6% (95% CI [5%; 7%]). This meta-analysis highlights
a significant prevalence of pituitary axis dysfunction following TBI, with temporal variations observed across different post-
injury durations. The findings underscore the importance of tailored clinical management strategies based on the duration
and type of dysfunction. Further research addressing potential contributing factors is warranted to enhance understanding
and management of these conditions.
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Background

Traumatic brain injury (TBI) is a significant public health
concern globally, contributing to substantial morbid-
ity and mortality rates across all age groups [1, 2]. TBI
encompasses a spectrum of injuries resulting from exter-
nal mechanical forces to the head, leading to transient or
permanent neurological dysfunction. Common causes of
TBI include motor vehicle accidents, falls, assaults, and
sports-related injuries [3-5].

One of the lesser-known but clinically significant con-
sequences of TBI is its potential to disrupt the functioning
of the pituitary gland, leading to a spectrum of endocrine
abnormalities collectively termed hypopituitarism [6-8].
Hypopituitarism following TBI can manifest as deficien-
cies in the adenohypophysis hormones such as: growth
hormone (GH), adrenocorticotropic hormone (ACTH),
thyroid-stimulating hormone (TSH), and pituitary—gonadal
axis hormones. Furthermore, it can also manifest as defi-
ciencies in the neurohypophysis hormones such as: anti-
diuretic hormone (ADH) [8, 9].

The pathophysiology of pituitary dysfunction post-TBI
is multifactorial and not entirely understood. Direct trauma
to the pituitary gland, disruption of the hypothalamic-
pituitary axis, ischemic injury, and neuroinflammatory
responses are among the proposed mechanisms contrib-
uting to post-TBI hypopituitarism [10]. The extent and
severity of pituitary dysfunction may vary depending on
factors such as the nature of the injury (e.g., focal vs. dif-
fuse), TBI severity (mild, moderate, severe), time elapsed
since the injury, and individual patient characteristics [11].

Understanding the prevalence and patterns of pituitary
axis dysfunction following TBI is essential for several rea-
sons. Firstly, unrecognized and untreated hypopituitarism
can lead to a range of adverse health outcomes, including
metabolic derangements, impaired quality of life, cognitive
deficits, and increased mortality rates [12]. Secondly, early
detection and management of hormone deficiencies can miti-
gate long-term complications and improve patient outcomes.
However, diagnosing post-TBI hypopituitarism presents
challenges due to its nonspecific symptoms, overlapping
with those of TBI sequelae and other comorbidities [9, 13].

Previous epidemiological studies investigating the
prevalence of hypopituitarism following TBI have reported
varying prevalence rates, ranging from single-digit per-
centages to more than 50%, this variation in prevalence
might be related to varying TBI severity, which is estab-
lished by Glasgow Coma Score (GCS) and paraclinical
findings, and depending on the study population, method-
ology, and diagnostic criteria employed [6, 14]. However,
a comprehensive synthesis and analysis of existing litera-
ture are necessary to provide a more accurate estimate
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of the prevalence of pituitary axis dysfunction post-TBI,
identify potential risk factors associated with its develop-
ment, and guide clinical management strategies.

Study aim and objectives

The aim of this study is to conduct a systematic review and
meta-analysis to determine the prevalence of pituitary axis
dysfunction following traumatic brain injury (TBI) and to
explore temporal trends in prevalence rates over different
time intervals. By the following:

1. Assess the prevalence of pituitary axis dysfunction after
traumatic brain injury (TBI).

2. Examine different types of hormone deficiencies related
to the pituitary gland post-injury.

3. Identify temporal trends in the prevalence of pituitary
dysfunction over various time frames, from less than
3 months to over 12 months after the injury.

Methodology
Study design

This meta-analysis follows a systematic and comprehensive
approach to synthesize available evidence on the prevalence
of hypopituitarism following traumatic brain injury (TBI).
The study design adhered to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [15].

Study duration

The meta-analysis includes studies published between 1st of
January 2000 until the search date of 31st of March 2024.
No restrictions were placed on the publication year to ensure
the inclusion of relevant studies spanning a wide timeframe.

Search strategy

A comprehensive literature search was conducted across
multiple electronic databases, including PubMed, Web
of Science, Scopus, Medline, the Cochrane Library, and
Google Scholar. The search strategy utilized a combination
of terms: traumatic brain injury, pituitary axis dysfunction,
hypopituitarism, endocrine abnormalities, prevalence, and
epidemiology. Extracted articles from google scholar were
vetted by our authors through screening the title and abstract
without selecting articles reporting exclusively endocrine
findings. Boolean operators (AND, OR) were used to refine
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the search and ensure comprehensive coverage of relevant
literature. The search was limited to studies published in
English between 1st of January 2000 until the search date
of 31st of March 2024.

Study selection

Studies were initially screened based on titles and abstracts
to identify potentially relevant articles by three authors (GA,
AT, ARA) independently. Reviewers avoided bias by dis-
regarding authors’ name and affiliated institutions. Subse-
quently, full-text articles were retrieved for detailed evalu-
ation against the inclusion criteria. The outcome was then
gathered into Microsoft Excel and the Preferred Reporting
Items for Systemic Reviews and Meta-Analysis (PRISMA)
statement was performed in its three stages (Fig. 1). Consen-
sus was the method to resolve disagreement.

Inclusion criteria
Studies were included if they met the following criteria:

1. Observational studies, cohort studies, case—control stud-
ies, and cross-sectional studies.

2. Published in English.

3. Pituitary dysfunction post traumatic brain injury diag-
nosed by blood tests using cutoff values based current
guidelines.

4. Reported prevalence rates or provided data to calculate
prevalence.

5. Used clear diagnostic criteria for pituitary dysfunction.

6. Included adult human subjects.

Exclusion criteria

Studies were excluded if they:

Fig.1 PRISMA flow diagram
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1. Did not report primary data on pituitary dysfunction
prevalence regardless of the study design.

2. Secondary sources (i.e. not reporting original data)

3. Were duplicates or redundant publications.

4. Had sample sizes of fewer than 10 participants to ensure
statistical reliability.

5. Studies with a score bellow 7 on Newcastle—Ottawa
Scale (NOS)

Data extraction and synthesis

Data extraction was performed independently by two review-
ers using a standardised data extraction form. Extracted data
included study characteristics (e.g., author names, publica-
tion year, study design, country), participant demographics
(e.g., sample size, age, gender distribution), TBI severity,
prevalence rates of any pituitary axis dysfunction and spe-
cific axis dysfunctions (e.g., growth hormone deficiency,
adrenocorticotropic hormone deficiency), and temporal data
(e.g., duration post-TBI).

Quality assessment

The methodological quality of included studies was assessed
using the Newcastle—Ottawa Scale (NOS) for observational
studies. The NOS evaluates studies based on three domains:
selection of study groups, comparability of groups, and
ascertainment of outcomes. Studies were evaluated by three
investigators independently on a scale of 0 to 9, with higher
scores indicating higher methodological quality [16]. Stud-
ies with a score between 7 and 9 were included.

Software and statistical analysis

The R meta package was utilised for statistical analyses
[17]. Pooled estimates of prevalence rates were calculated
using random-effects models, which account for both within-
study and between-study variability. The most used method
with random-effects model is the DerSimonian-Laird (D-L)
method which was employed to estimate the between-study
variance (tau-squared). D-L method was applied due its
simplicity and computational efficiency in which makes it
reliable for diverse levels of heterogeneity as seen in our
data. The publication bias was assessed using funnel plots.
Forest plots were generated to visually represent the pooled
estimates along with their 95% confidence intervals (CIs).

Assessment of heterogeneity
Heterogeneity among studies was assessed using the 172
statistic, with values of 25%, 50%, and 75% indicating low,

moderate, and high heterogeneity, respectively. Subgroup
analyses were conducted based on the duration post-TBI
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(< 3 months, 3—6 months, 612 months, > 12 months) to
explore temporal variations in prevalence rates.

Results
Search results

Our comprehensive search across multiple databases includ-
ing PubMed, Web of Science, Scopus, Medine, the Cochrane
Library, and Google Scholar yielded a total of 3166 records.
After removing duplicates (2062 records), 1104 unique
records were screened based on their titles and abstracts.
Of these, 887 records were excluded, leading to 217 studies
being sought for full-text retrieval. However, 7 studies were
not retrieved, resulting in 210 studies that were assessed
for eligibility. Through a meticulous eligibility assessment,
158 studies were further excluded, leaving us with a final
inclusion of 52 studies for our meta-analysis (Fig. 1). The
characters of the included studies are presented in Table 1.

Characteristics of the included studies
Study design

The included studies varied in their design, encompassing
prospective 28 (53.8%), retrospective 9 (17.4%), and cross-
sectional 15 (28.8%) approaches. Prospective studies such
as Agha et al. (2005), Aimaretti et al. (2004, 2005), and
others provided longitudinal insights into acute and chronic
hypopituitarism following traumatic brain injury (TBI) [18,
20, 21]. Retrospective studies like Srinivasan et al. (2009)
and Nourollahi et al. (2014) contributed retrospective data
analysis, while cross-sectional studies such as Berg et al.
(2010) offered a snapshot of the condition across different
time points [25, 50, 59].

Country and population

The geographical distribution of the studies spanned various
countries including Ireland, Italy, the UK, the USA, Ger-
many, India, and others. Studies from the mentioned regions
reported varying prevalence rates of hypopituitarism post-
TBI. Studies like Klose et al. (2007) in Denmark and Tan-
riverdi et al. (2013, 2006, 2008) in Turkey highlighted the
global impact of this condition [40, 60—62].

Patient demographics
The sample sizes across studies ranged widely, from

smaller cohorts like Daloglu et al. (2024) with 30 partici-
pants to larger studies like Schneider et al. (2011) with 825



841

Page 5 of 21

Neurosurgical Review (2024) 47:841

[1+]

6 Y 9 8YFL 9T AzpuedN  (69-61) 8% %0°L9 TIT [BUONORS-SSOI) SPUBLIOYION [T “'[€ I0 UIOOYSOY]

6 ot 0T v (0°0€-T61) 1'HC w /g0l (9-10) L %0'SL YOI [eUONOLS-SSOID) syrewuad  [Ot] LOOT T8 10 90Ty
[o€]

L SI 43 ¥ 6'€F96T KT ‘pL 0CTFE€S  %E08 L aAndadsold Auewon 600 “Te 19 ISUSIPUIS[y

8 AN AN AN AN w9 10 %8°0L S9 aAndadsolg vaI0Y  [8€] 0T0T ““Te 30 Suosr

8 AN AN AN AN A1< AN AN €8 [EUONDRS-SSOID) vsn  [L€1010T “Te 10 ySIH
[9¢]

8 AN AN AN TYF8ST w /-G PIF6E  %L69 9L [BUONDIS-SSOID) Auewien  90QOT “[e 10 UUBUWLLISH

3 4! e 9¢ AN PLPT (8L-8D)TOY %L'99 78 aanadsord erpul  [G¢] 120z T8 10 widnn

8 0 0 19 AN wZ[-9 61Fty  %¥SL 19 sAndadsold AreSuny [$¢] L10T T 30 [PUdL]
L€l v00T

8 ST 6 0 AN P09-6 91FLE %Y6L € aAnoadsold CREEHS) “[e 30 nopnodowi
[zel

L AN AN AN (6'L2-0°€D) ¥'9¢C wgr<  TYIFI8E %L98 0¢  dandadsonay Aoy, ¥20T “Te 32 n[3oreq

3 48! 0 AN w6l IIFIE %889 48! aandadsord puefr] [1¢] 9T0T T 10 BISAND
[og]

L 0 0 3 LYF€9C £y 9LFE6C %00 1€ danoadsonsy pue[d] 0T “TE 10 ULssAL[)
[6c]

L 0 0 65 9EFSHT K¢ Az A1 AN %616 65 eandadsonay VSN 0T0T “e 19 SUoLIeL)
(2]

6 €T LL 0 AN W wg Wy pyl pr AN AN 001 sAndadsord BIpUL  €Z0T “8 10 ATeypnoy)
[L2]

8 AN AN AN AN K1e-T1 TIFTr  %TLY 79 [eUOnIAs-S01) VSN L00T “Te 1 uysng
[9z]

3 LT L 91 Y0F YT w$9-1 YTFOLE %008 0§ [BUOIIDVS-SSOI) A $00T “Te 39 I[[Puepuog

8 AN AN AN TYF8ST w /p-p PIF6E  BI'HS 9T [eUONOBS-SSOID) Auewoy  [67] 0T0T “Te 10 S10g
7d]

8 €€ 001 0 AN wglwg 0IFTTE  %T96 €€l CINSREL I BLRS[Y 00T “¢ 1 ye[esuag
[¢c]

8 AN AN AN AN w -9 € %YI8 0L oAn0adsold VSN 800T “e 10 Anosiaeg

6 AN AN AN AN wgp<wer-9 AN %EPL SO1 aAndAdsold N [2el S10T e 10 ey
[12]

8 SI (44 €¢ 70F8€T wl PTFE6E %YL 0L aAndadsold A S00T “Te 30 mRIEWIY
loz]

6 Ic T 89 YOFLET w g 8IFILE %069 001 aandadsord A 00T “Te 10 marewry

) AN AN AN AN wog-9  (S9-SI1) 8T %E'€8 701 [eUONO9S-SSOID) puear]  [61] 00T “T¢ 30 eY3Y

) AN AN AN AN Wzl w9 ‘pL YIFLE  %09L 0S aAndadsord puearl  [81] S00T “Te 10 Y3y

u
‘1d.L e sypuowr
AI00S SON U ‘T 919A9S  -IdPON U ‘T4.L PIIA NG ‘JUIAD I9)je QuWIL], By %N 9z1s 9rdwes ugisop Apmg Anuno) Apmgs

(zs =u) syuaned 1gJ, jo suonendod pue sarpnjs papnfour ay) jo sisjoerey)) | ajqel

pringer

As



Neurosurgical Review (2024) 47:841

Page 6 of 21

841

8 €9 1T 0 6FFSST skep 01 6'91F¢8Y  %b'LL 8 sanoadsord uopams  [€9] $T0T T8 32 QL
[29]

8 S 9 61 AN ke vTFTLE %EE8 0¢  eanoedsoig Aoxmp, - 800T “Te 12 IpIoALIUE],
(191

6 €1 8 €€ AN Wzl Pl SEIF6SE %LT8 s oanoadsoid AymL,  900T “Te 19 IPIOALIUE],
[09]

8 4 S 91 AN £g I'TF89¢ %008 6z eanoadsorg Aoymp,  €10T “Te 12 IPIGALIUE],
[6¢]

8 AN AN AN (8'7€-€T0) L'9T wguedN  (65-00) 6'1€  %L'99 81 [eUONIS-SSOID) VSN 600 ‘&30 UESEATULIS

8 Is Il AN w0y (9L0°91) 9'1F  %6°0L §91  eandadsonay vsSn 861610 “[e 19 BAlS
(L8] Toe

6 S1 9 0 AN P9-0 ve %018 1T aanoadsorg puefad] “[e 30 uossuolingig
[9¢]

8 AN AN AN I'€F0TT wglwe STF9E  %L99 8L  eanoadsorg Auewrrony  900g “[e 10 1oprouydS
[c¢]

8 AN AN AN 86FT LT wewe  TECFISY  %SEL $T8 [RUONOAS-SSOID) Auewen  [10g “[e 30 10proUYOS

6 8t IC 9¢ AN wee  PTIF69E  %06L o1 aAnoadsoid eIsKe[eIN  [$S] €20T T8 10 Yo[[es
[ec]

6 Sy 6 0 ITFI4C &L STFILE %YOL ¥S  oanoadsonay Aoy €10 “'[& 32 Wepoid
4y

L AN AN AN SOF8HC Kge-1 §TFGLE  %T8S L9 TeuOndas-ssOI) BIQIOS  $00T “Te 10 d1aodod

6 9T 61 0 AN w9l 9LIFITE  BIIL Sy eanoadsoig vatoy] 1G] 0T0T “Te 30 Jred
[og]

6 9% 8 43 AN WH9-gl  YHIFSEE  %I0L L6  eanoadsonoy AueweD 107 “[€ 10 IYE[[0MON

L €9 0 0 AN A1 LIFSLE  %ST8 €9 oAnoadsorg ArSuny [6¢] 910T “Te 10 sowaN
[8t]

8 AN AN AN (§°5€-0'81) T'ST wgeL  CTIFI9E  %9°€8 ¢ oeanoadsoig oouer{ T[0T “¢ 30 NEAIUOI

8 9 01 T (0°S€-8'90) 6'6C w6 (SH+e) It %T98 8¢ oanoadsonoy vsn  [Lp] 120T "B 10 991
[91]

L AN AN AN TOFLYC wgr< T'TFT6T  %T8S OLT [EUOTI3S-SSOI) ureds 00T “Te 30 O1IR)-Tea ]

8 63 61 9 AN wgrw por-0  §LFLIE %98L 9¢  eanoedsoig eIpul [G] 9T0T “1e 30 Tewnyy
(7]

8 LE 9 Is Y'SFH9r  (sreak g6—) Teak [ < 0S  %E'L9 874 aAnoadsoid Auewron 910T “'[& 12 Jomary
[et]

8 AN AN AN AN AT‘wg  ($9-81)9¢  %THL 68 aanoadsord orqnday yoezy  OT0T € 10 NInyery
[cr]

L AN AN AN 6EFIET MT[-G URIPIN SIFOr  %9°SL 0FE  [BUONDRS-SSOI) Auewe) 10T I8 10 Yezodoy

u
‘4.l e sypuowr
AI00S SON U ‘T 919A9S  -IdPOIN U ‘T4.L PIIA NG ‘JUAAQ I9)Je QW] By %N ozis 9rdweg uSisop Apmg Anuno) Apmgs

(ponunuoo) | sjqey

pringer

AQs



Neurosurgical Review (2024) 47:841

Page7of21 841

Table 1 (continued)

Severe TBI, n NOS Score

Mild TBI, n Moder-

Sample size M% Age Time after event, BMI
months

Study design

Country

Study

ate TBI,

44
NR

12
NR

0

24.0 (18-29)

10d, 3 m, 6 m, 12 m 25.6+4.8

47.1+16.6

73.2%
74.5%

56

51

Prospective

Sweden

Tolli et al., 2017 [64]

Ulfarsson et al., 2010

[65]

37.9 (16-64) 68 m

Retrospective

Sweden

30

77

NR

3-30 m

45 (22-63)

65.4%

Cross-sectional 107

Netherlands

van der Eerden et al.,

2010 [66]

200
36

3 m->5y NR

6-24y

NR

87.5%

Cross-sectional 200

Verma et al., 2021 [67] India

0 30

2477+4.2

329+5.8

India Prospective 66 100.0%

Zacharia et al., 2022

[68]

NR

NR

NR

NR

63.4m

35.8+10.7

138 71.0%

Retrospective

USA

Zgarljardic et al., 2011

[69]

participants [32, 55]. The mean age of participants varied
from 29.2 years (Leal-Cerro et al., 2005) to 48.3 years (Tolli
et al., 2015) [46, 63]. Male proportions in the studies ranged
from 0% (Claessen et al., 2024) to 100% (Zacharia et al.,
2022), reflecting the gender distribution within each cohort
[30, 68].

Quality assessment (NOS)

Quality assessment using the Newcastle—Ottawa Scale
(NOS) revealed scores ranging from 7 to 9 with an aver-
age of 8.09 across the included studies. The three domains,
selection of study groups, comparability of groups, and
ascertainment of outcomes, averaged 3.9, 1.39, and 2.8,
respectively. Studies like Choudhary et al. (2023) and Tan-
riverdi et al. (2006, 2008) obtained NOS scores of 9, indi-
cating a high level of methodological quality, while oth-
ers obtained scores of 7 or 8, reflecting robustness in study
design and execution [28, 61, 62].

Quantitative data synthesis
Prevalence of any and multiple axes affection

The prevalence of any and multiple axes affection following
traumatic brain injury (TBI) was assessed through a quan-
titative data synthesis. A random-effects model, along with
subgroup analysis and a test for subgroup differences, was
used to address heterogeneity. The results are presented in
Table 2 and Figs. 2 and 3.

Prevalence of any axis affection

The analysis included data from 72 datasets and 52 stud-
ies, encompassing a total of 7367 participants. The pooled
estimate for the prevalence of any axis affection was 33%
(95% CI [28%; 37%]), indicating a substantial occurrence
of pituitary axis dysfunction post-TBI.

Subgroup analysis based on duration post-TBI revealed
varying prevalence rates. Within the first 3 months
(< 3 months), the prevalence was highest at 40% (95%
CI [27%; 53%]), as illustrated in Fig. 2A. This preva-
lence gradually decreased over time: 31% (95% CI [15%;
47%]) at 3—6 months (Fig. 2B), 26% (95% CI [19%; 33%])
at 6-12 months (Fig. 2C), and 32% (95% CI [26%; 38%])
beyond 12 months (Fig. 2D). Overall, substantial hetero-
geneity was observed across all durations, with 12 values
ranging from 89 to 97%.

Prevalence of multiple axes affection

The analysis also investigated the prevalence of multiple
axes affection, indicating dysfunction across multiple
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Table 2 Pooled effect sizes and heterogeneity assessment for the prevalence of any and multiple axes affection outcomes

Number Number Par-
of data-  of stud-

sets 1€8

Measurement  Duration

(Total)

ticipants

Model Pooled Estimate [95%

CI]

Heterogeneity (

Prevalence 1156
of any axis
affection

(Fig. 2)

<3 months (Fig. 2A) 14 11

3—6 months (Fig. 2B) 6 6 1283

6—12 months (Fig. 2C) 12 11 1483

> 12 months (Fig. 2D) 40 38 4120

Overall 72 52 7367

Prevalence of
multiple axes
affection
(Fig. 3)

<3 months (Fig. 3A) 5 5 528

3-6 months (Fig. 3B) 3 3 311
6-12 months (Fig. 3C) 6 6 360
> 12 months (Fig. 3D) 30 28

2407

Overall 44 36 3606

Random Effects 40% [27%; 53%)] Tau”2=0.0560;
Chir2=410.67,df=13
(P<0.01); I"2=97%

Random Effects 31% [15%; 47%)] Tau”2=0.0385;
Chir2=170.45, df=5
(P<0.01); I"2=97%

Tau”2=0.0120;
Chi"2=101.04, df=11
(P<0.01); "2=89%

Tau”2=0.0347,
Chi”r2=2840.82, df=39
(P<0.01); 1"2=95%

Tau"2=0.0356;
Chi*2=1533.24,
df=71 (P<0.01);
1"2=95%

Tau”2 =0.0040;
Chi*2=16.09, df =4
(P<0.01); 1"2=75%

Random Effects 26% [19%; 33%]

Random Effects 32% [26%; 38%]

Random Effects 33% [28%; 37%]

Random Effects 13% [6%; 20%]

Random Effects 7% [4%; 10%] Tau2=0; Chi"2=1.27,
df=2 (P=0.53);
1"2=0%

Tau”2=0.0017;
Chi*2=15.07,df=5
(P=0.01); I"2=67%

Tau”2=0.0024;
Chir2=152.75, df =29
(P<0.01); 1"2=81%

Tau”2=0.0022;
Chir2=212.36, df =43
(P<0.01); I"2=80%

Random Effects 7% [3%; 11%]

Random Effects

7% [5%; 9%]

Random Effects 7% [6%; 9%]

pituitary axes simultaneously. Across different durations,
the overall prevalence of multiple axes affection was 7%
(95% CI [6%; 9%]), as depicted in Fig. 3.

Subgroup analysis by duration revealed varying prev-
alence rates: 13% (95% CI [6%; 20%]) for < 3 months
(Fig. 3A), 7% (95% CI [4%; 10%]) for 3—-6 months
(Fig. 3B), 7% (95% CI [3%; 11%]) for 6-12 months
(Fig. 3C), and 7% (95% CI [5%; 9%]) for > 12 months
(Fig. 3D). Notably, heterogeneity levels varied across
these subgroups, ranging from O to 81%.

The observed heterogeneity suggests that factors
beyond duration, such as TBI severity, patient demo-
graphics, and study methodologies, may contribute to
the variability in prevalence rates across different axes
affection and timeframes.

@ Springer

Prevalence of specific axes affection

In evaluating the prevalence of specific axes affection fol-
lowing traumatic brain injury (TBI), a quantitative data
synthesis was conducted. We used a random-effects model,
accompanied by subgroup analysis and a test for subgroup
differences to address heterogeneity, as outlined in Table 3
and Figs. 4,5, 6, 7.

Growth hormone (GH) deficiency

The analysis encompassed 64 datasets and 46 studies,
totaling 5292 participants. The pooled estimate for GH
deficiency prevalence was 18% (95% CI [14%; 21%)).
Subgroup analysis based on duration revealed varying
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Fig. 2 Forest plot of the pooled
prevalence of any axis affection
(n=52)

Study or
Subgroup Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Duration = A) < 3 months
Agha et al., 2005 (7-20d) 40 50 14% 0.80[0.66;0.90] H ——
Choudhary et al., 2023 (14d) 5 93 15% 0.05[0.020.12] W ‘
Choudhary et al., 2023 (1m) 7 91 15% 0.08[0.03;0.15 ;
Choudhary et al., 2023 (2d) 9 100 15% 009[004;0.16] M
Dimopoulou et al., 2004 (9-60d) 18 34 12% 0.53[0.35;0.70] — .,
Gupta et al., 2021 (1d) 30 84 14% 0.36[0.26;0.47] +
Gupta et al., 2021 (7d) 51 84 14% 0.61[049;0.71] H ——
Kleindienst et al., 2009 (7d) 183 49 14% 0.27[0.15;0.41] ——
Kopczak et al., 2014 (Median 5-12w) 124 340 15% 0.36[0.31; 0.42] =
Kumar et al., 2016 (0-10d) 39 56 14% 0.70[0.56;0.81] i ——
Sigurjénsson et al., 2022 (0-6d) 11 21 1.1% 0.52[0.30;0.74] ——
Tanriverdi et al., 2006 (24h) 26 52 1.3% 0.50[0.36;0.64] ——
Tolli et al., 2015 (10-15d) 28 46 13% 0.61[0.45;0.75] —i—
Tolli et al., 2017 (10d) 13 56 1.4% ——
Total (95% CI) 1156 19.2% -
Duration = B) 3-6 months
Aimaretti et al., 2004 (3m) 35 100 14% 0.35[0.26;0.45] S
Bensalah et al., 2020 (3m) 59 133 14% 0.44[0.36;0.53] .
Choudhary et al., 2023 (3m) 7 91 15% 0.08[0.03;0.15 -
Schneider et al., 2006 (3m) 44 78 14% 0.56[0.45;0.68] ——
Schneider et al., 2011 (3m) 322 825 15% 0.39[0.36;0.42] ]
Tolli et al., 2017 (3m) 4 56 15% 007[0.020.17] H—
Total (95% CI) 1283 8.7% 0.31[0.15; 0.47] —eeai—
} f
Duration = C) 6-12 months
Agha et al., 2005 (6m) 11 48 14% 0.23[0.12;0.37] B
Aimaretti et al., 2005 (12m) 16 70 1.4% 0.23[0.14;0.34] .
Alavi et al., 2015 (>6m) 10 47 14% 0.21[0.11,;0.36] ——
Choudhary et al., 2023 (6m) 9 91 15% 010[005018 -
Frendl et al., 2017 (6-12m) 10 61 14% 0.16[0.08;0.28] .
Jeong et al., 2010 (6m) 32 65 14% 0.49[0.37;0.62] ——
Kumar et al., 2016 (6m) 7 41 14% 0.17[0.07;0.32] ——
Salleh et al., 2023 (9.8m) 33 105 1.4% 0.31[0.23;0.41] -
Schneider et al., 2011 (>=5m) 314 825 15% 0.38[0.35;0.41] ‘"
Srinivasan et al., 2009 (5-12m) 10 18 1.1% 0.56[0.31;0.78] ——
Tolli et al., 2017 (12m) 11 56 14% 0.20[0.10;0.32] =
Tolli et al., 2017 (6m) 14 56 1.4% ——
lotal (95% Cl) 1483 16.5% -
Duration =D) > 12 s
Agha et al., 2004 (6-36m) 29 102 14% 0.28[0.20;0.38] ——
Agha et al., 2005 (12m) 9 48 14% 0.19[0.09;0.33] ——
Alavi et al., 2015 (>12m) 2 22 14% 0.09[001;029] ——:
Bavisetty et al., 2008 (6-9m) 15 70 14% 0.21[0.13;0.33] B
Bensalah et al., 2020 (12m) 41 116  14% 0.35[0.27; 0.45] ——
Berg et al., 2010 (4-47m) 52 246 15% 0.21[0.16;0.27] E
Bondanelli et al., 2004 (12-64m) 14 50 14% 0.28[0.16;0.42] ——
Bushnik et al., 2007 (1.2-31y) 58 64 1.5% 0.91[0.81;0.96] —
Ciarlone et al., 2020 (1y) 6 59 14% 0.10[0.04;0.21] -
Ciarlone et al., 2020 (2y) 9 59 14% 015[007;027] ——
Ciarlone et al., 2020 (3y) 9 59 14% 0.15[0.07;0.27] |
Claessen et al., 2024 (4.3y) 16 131 15% 0.12[0.07;0.19] =
Cuesta et al, 2016 (19m) 39 112 14% 0.35[0.26; 0.44] -
Daloglu et al., 2024 (>12m) 5 30 13% 0.17[0.06; 0.35] ——
Herrmann et al., 2006 (5-47m) 18 76 1.4% 0.24[0.15;0.35] ——
High et al., 2010 () 43 83 14% 0.52[0.41;063] B
Kleindienst et al., 2009 (>2y) 11 23 12% 0.48[0.27;0.69) s St
Klose et al., 2007 (10-27m) 16 104 1.5% 0.15[0.09;0.24] -
Kokshoorn et al., 2011 (<12m) 6 112 15% 005[002;0.11] W
Krahulik et al., 2010 (1y) 19 89 14% 0.21[0.13;0.31] B
Krewer et al., 2016 (>1y) 71 245 15% 0.29[0.23;0.35] L 3
Kumar et al., 2016 (1y) 8 32 13% 025[0.11;043] ——
Leal-Cerro et al., 2005 (>12m) 42 170 15% 0.25[0.18;0.32] -
Lee et al., 2021 (96m) 22 58 1.4% 0.38[0.26; 0.52] ——
Monreau et al., 2012 (79.2m) 42 55 14% 0.76[0.63;0.87] ——
Nemes et al., 2016 (1.1y) 43 63 14% 0.68[0.55;0.79] ——
Nourollahi et al., 2014 (12-64m) 46 97 14% 0.47][0.37,0.58] ——
Park et al., 2010 (16.4m) 14 45 13% 0.31[0.18;047] ——
Popovic et al., 2004 (1-22y) 23 67 14% 0.34[023;047] B
Prodam et al., 2013 (7.4y) 15 54 1.4% 0.28[0.16;0.42) B
Schneider et al., 2006 (12m) 25 70 14% 0.36[0.25;0.48] ——
Silva et al., 2015 (40.4m) 51 165 15% 0.31[0.24;0.39] -
Tanriverdi et al., 2006 (12m) 26 52 1.3% 0.50[0.36;0.64] ——
Tanriverdi et al., 2008 (3y) 9 30 13% 0.30[0.15;0.49)] — .
Tanriverdi et al., 2013 (5y) 8 25 12% 0.32[0.15;0.54] ——
Ulfarsson et al., 2010 (68m) 14 51 14% 0.27[0.16;0.42] ——
van der Eerden et al., 2010 (3-30m) 15 107 1.5% 0.14[0.08;0.22] E =
Verma et al., 2021 (3m-5y) 122 200 15% 0.61[0.54; 0.68] BN
Zacharia et al., 2022 (6-24y) 42 66 1.4% 0.64[0.51;0.75] : ——
jardic et al., 2011 (63.4m) 30 138 0.22[0.15; 0.30] -
S Cl) 3445 [0.26 3] -
Total (95% CI) 7367 100.0% 0.33 [0.28; 0.37] <>
Heterogeneity: Tau® = 0.0356; Chi® = 1533.24, df = 71 (P < 0.01); I = 95%
Test for subgroup differences: Chi’ = 3.83, df = 3 (P = 0.28) 02 04 06 08
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Fig. 3 Forest plot of the pooled prevalence of multiple axes affection (n=36)
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Study or
Subgroup

Events Total Weight IV, Random, 95% CI

IV, Random, 95% CI

Dimopoulou et al., 2004 (9-60d) 6
Kopczak et al., 2014 (Median 5-12w) 19
Kumar et al., 2016 (0-10d) 13
Tanriverdi et al., 2006 (24h) 9
Tolli et al., 2015 (10-15d) 4

Aimaretti et al., 2004 (3m)
Bensalah et al., 2020 (3m)
Schneider et al., 2006 (3m)

@ 0 O»

Aimaretti et al., 2005 (12m)
Frendl et al., 2017 (6—12m)
Jeong et al., 2010 (6m)

Kumar et al., 2016 (6m)

Salleh et al., 2023 (9.8m)
Srinivasan et al., 2009 (5-12m)

QOaN © =N

Agha et al., 2004 (6-36m)

Alavi et al., 2015 (>12m)
Bavisetty et al., 2008 (6-9m)
Bensalah et al., 2020 (12m)
Berg et al., 2010 (4-47m)
Bondanelli et al., 2004 (12-64m)
Ciarlone et al., 2020 (1y)
Ciarlone et al., 2020 (2y)
Ciarlone et al., 2020 (3y)

Cuesta et al., 2016 (19m)
Daloglu et al., 2024 (>12m)
Herrmann et al., 2006 (5-47m)
Klose et al., 2007 (10-27m)
Kokshoorn et al., 2011 (<12m)
Kumar et al., 2016 (1y)
Leal-Cerro et al., 2005 (>12m) 1
Lee et al., 2021 (96m)

Monreau et al., 2012 (79.2m) 20
Nemes et al., 2016 (1.1y) 13
Nourollahi et al., 2014 (12-64m) 12
Park et al., 2010 (16.4m)

Popovic et al., 2004 (1-22y)
Prodam et al., 2013 (7.4y)
Schneider et al., 2006 (12m)
Tanriverdi et al., 2006 (12m)
Tanriverdi et al., 2008 (3y)
Tanriverdi et al., 2013 (5y)

van der Eerden et al., 2010 (3-30m)
Verma et al., 2021 (3m-5y)
Zacharia et al., 2022 (6-24y)

-

A ONOPROONIONNIINOGOINO®

-
ONO 200 WOND®

Total (95% ClI)

100
133
78

1.1%
3.2%
1.4%
1.5%
1.9%

2.7%
2.9%
2.2%

2.1%
3.0%
1.8%
2.2%
2.8%
0.6%

2.7%
1.2%
2.4%
2.4%
3.2%
1.7%
2.7%
2.7%
2.0%
3.2%
2.8%
2.5%
2.9%
3.4%
1.8%
2.8%
2.3%
1.2%
1.6%
2.3%
1.6%
2.1%
1.6%
2.7%
1.9%
2.8%
2.0%
3.3%
3.0%
1.9%

3606 100.0%

0.18 [0.07; 0.35]
0.06 [0.03; 0.09]
0.23[0.13; 0.36]
0.17 [0.08; 0.30]
0.09 [0.02; 0.21]

0.06 [0.02; 0.13]
0.06 [0.03; 0.12]
0.10 [0.05: 0.19]

0.10 [0.04; 0.20]
0.02 [0.00; 0.09]
0.14 [0.07; 0.25]
0.05[0.01; 0.17]
0.05[0.02; 0.11]
0.28 [0.10; 0.53]

0.06 [0.02; 0.12]
0.09 [0.01; 0.29]
0.07 [0.02; 0.16]
0.13[0.07; 0.20]
0.03 [0.01; 0.086]
0.12[0.05; 0.24]
0.03 [0.00; 0.12]
0.03 [0.00; 0.12]
0.10 [0.04; 0.21]
0.02 [0.00; 0.06]
0.00 [0.00; 0.12]
0.07 [0.02; 0.15]
0.04 [0.01; 0.10]
0.00 [0.00; 0.03]
0.06 [0.01; 0.21]
0.09 [0.05; 0.14]
0.07 [0.02; 0.17]
0.36 [0.24; 0.50]
0.21[0.11; 0.33]
0.12[0.07; 0.21]
0.13 [0.05; 0.27]
0.10 [0.04; 0.20]
0.17 [0.08; 0.29]
0.04[0.01; 0.12]
0.10 [0.03; 0.21]
0.00 [0.00; 0.12]
0.04 [0.00; 0.20]
0.00 [0.00; 0.03]
0.06 [0.03; 0.10]
0.14 [0.06; 0.24]

0.07 [0.06; 0.09]

Heterogeneity: Tau? = 0.0022; Chi” = 212.36, df = 43 (P < 0.01); I = 80%

Test for subgroup differences: Chi?=3.05, df =3 (P=0.38)

i

i
-
i

0 01 02 03 04 05
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Table 3 Pooled effect sizes and heterogeneity assessment for the prevalence of specific axes affection outcomes

Measurement

Duration

Number
of data-
sets

Number Par-
of studies ticipants
(Total)

Model

Pooled Estimate
[95% CI]

Heterogeneity

Prevalence of GH
deficiency (Fig. 4)

Prevalence of ACTH
deficiency (Fig. 5)

Prevalence of
pituitary—gonadal
axis hormones defi-
ciency (Fig. 6)

<3 months (Fig. 4A)

3—6 months (Fig. 4B)

6—12 months
(Fig. 4C)

> 12 months
(Fig. 4D)

Overall

<3 months (Fig. 5A)

3—6 months (Fig. 5B)

6—12 months
(Fig. 5C)

> 12 months
(Fig. 5D)

Overall

<3 months (Fig. 6A)

3-6 months (Fig. 6B)

6—12 months

(Fig. 6C)

> 12 months
(Fig. 6D)

12

39

64

(9]

36

66

36

9 1042

4 401

8 506

37 3343

46 5292

11 1185

5 457

10 658

34 3076

47 5376

9 1003

4 2297

10 1343

34 3453

Random Effects

Random Effects

Random Effects

Random Effects

Random Effects

Random Effects

Random Effects

Random Effects

Random Effects

Random Effects

Random Effects

Random Effects

Random Effects

Random Effects

18% [11%; 24%]

13% [5%; 22%]

11% [7%; 16%]

19% [14%; 24%]

18% [14%:; 21%]

7% [3%; 11%]

12% [2%; 22%]

5% [2%; 1%]

12% [8%:; 16%]

10% [8%; 13%]

34% [21%; 47%]

15% [5%; 26%]

13% [8%; 17%]

10% [8%; 13%]

Tau”2=0.0119;
Chir2="72.46,
df=11(P<0.01);
1"2=85%

Tau”2=0.0070;
Chir2=23.75,
df=3 (P<0.01);
1"2=87%

Tau*2=0.0037;
Chir2=25.2,
df=8 (P<0.01);
1"2=68%

Tau”2=0.0206;
Chi*2=664.61,
df=38 (P<0.01);
1"2=94%

Tau*2=0.0157;
Chi*2=798.40,
df=63 (P<0.01);
1"2=92%

Tau2=0.0042;
Chi*2=68.74,
df=13 (P<0.01);
1"2=81%

Taur2=0.0121;
Chi*2=61.99,
df=4 (P<0.01);
1"2=94%

Taur2=0.0012;
Chi*2=39.48,
df=10 (P<0.01);
1"2=75%

Tau2=0.0169;
Chi*2=459.83,
df=35 (P<0.01);
1"2=92%

Taur2=0.0115;
Chi"2=653.48,
df=65 (P<0.01);
1"2=90%

Tau*2=0.0523;
Chi*2=306.71,
df=11 (P<0.01);
1"2=96%

Tau*2=0.0109;
Chir2=22.48,
df=3 (P<0.01);
1"2=87%

Tau”2=0.0038;
Chi*2 =30.08,
df=10 (P<0.01);
"2=67%

Tau2=0.0041;
Chir2=311.79,
df=35 (P<0.01);
1"2=89%
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Table 3 (continued)

Measurement

Duration

Number
of data-
sets

Number Par-
of studies ticipants
(Total)

Model

Pooled Estimate
[95% CI]

Heterogeneity

Overall

63

45 5093

Random Effects

16% [12%:; 19%]

Tau"2=0.0182;

Prevalence of TSH
deficiency (Fig. 7)

<3 months (Fig. 7A) 14 11

3—6 months (Fig. 7B) 5 5

6—12 months 11 10
(Fig. 7C)

> 12 months 31 31
(Fig. 7D)

Overall 61 45

1184

2763 RE

5062 RE

Chi*2=991.31,
df=62 (P<0.01);
1"2=94%
Tau”2=0.0051;
Chi’*2 =66.35,
df=13 (P<0.01);
1"2=80%
Tau”2=0.0004;
Chir2=28.51,
df=4 (P=0.07);
1"2=53%
Tau*2=0.0010;
Chir2=28.4,
df=10 (P<0.01);
1"2=65%
Taur2=0.0022;
Chi*2=160.54,
df=30 (P<0.01);
1"2=81%
Tau”2=0.0024;
Chi"2=285.98,
df=60 (P<0.01);
1"2=79%

Random Effects

11% [7%; 15%]

RE 3% [1%; 6%]

RE 4% [1%:; 6%]1

5% [3%; 1%]

6% [5%; 1%]

prevalence rates: 18% (95% CI [11%; 24%]) for < 3 months,
13% (95% CI [5%; 22%]) for 3—6 months, 11% (95% CI
[7%; 16%]) for 612 months, and 19% (95% CI [14%; 24%])
for > 12 months. Heterogeneity levels were substantial, rang-
ing from 68 to 94%, as shown in Fig. 4.

Adrenocorticotropic hormone (ACTH) deficiency

For ACTH deficiency, the analysis included 66 datasets and
47 studies with a total of 5376 participants. The overall prev-
alence was 10% (95% CI [8%; 13%]). Subgroup analysis by
duration showed prevalence rates of 7% (95% CI [3%; 11%])
for <3 months, 12% (95% CI [2%; 22%]) for 3—6 months, 5%
(95% CI [2%; 7%]) for 612 months, and 12% (95% CI [8%;
16%]) for > 12 months. Heterogeneity varied substantially
across durations, ranging from 75 to 94%, as depicted in
Fig. 5.

Pituitary—Gonadal axis hormones deficiency

The analysis for pituitary—gonadal axis hormones deficiency
involved 63 datasets and 45 studies, with 5093 participants.
The pooled prevalence was 16% (95% CI [12%; 19%]).
Prevalence rates differed across durations: 34% (95% CI
[21%; 47%]) for <3 months, 15% (95% CI [5%; 26%]) for
3—6 months, 13% (95% CI [8%; 17%]) for 6-12 months, and

@ Springer

10% (95% CI [8%; 13%]) for > 12 months. Notably, hetero-
geneity was high, ranging from 67 to 96%, as illustrated in
Fig. 6.

Thyroid-Stimulating hormone (TSH) deficiency

The analysis of TSH deficiency included 61 datasets and 45
studies, totalling 5062 participants. The overall prevalence
was 6% (95% CI [5%; T7%]). Prevalence rates by duration
were 11% (95% CI [7%; 15%]) for <3 months, 3% (95%
CI [1%; 6%]) for 3—6 months, 4% (95% CI [1%; 6%]) for
6—12 months, and 5% (95% CI [3%; 7%]) for > 12 months.
Heterogeneity ranged from 53 to 81%, as shown in Fig. 7.

These findings highlight the variability in prevalence
rates of specific axes affection post-TBI across different
durations, emphasising the need for tailored clinical manage-
ment strategies based on the duration and type of pituitary
axis dysfunction observed.

Discussion

TBI represents a significant public health concern globally,
with long-term consequences extending beyond the ini-
tial injury [1, 2]. One such consequence that has garnered
increasing attention is hypopituitarism, characterised by
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Fig.4 Forest plot of the pooled
prevalence of growth hormone
deficiency (n=46)

Study or

Subgroup Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Agha et al., 2005 (7-20d) 9 50 1.5% 0.18[0.09;0.31] —E—
Choudhary et al., 2023 (14d) 5 93 17% 005[0.02012] M :

Choudhary et al., 2023 (1m) 5 91 1.7% 0.05[0.02;0.12]

Choudhary et al., 2023 (2d) 9 100 1.7% 0.09[0.04;0.16] R =

Dimopoulou et al., 2004 (9-60d) 3 34 15% 0.09[0.02,024] —W—

Gupta et al., 2021 (1d) 30 84 15% 0.36[0.26;0.47] —
Gupta et al., 2021 (7d) 18 76 1.5% 0.24[0.15;0.35] ——
Kleindienst et al., 2009 (7d) 13 48 14% 0.27[0.15;042] ——
Kopczak et al., 2014 (Median 5-12w) 27 340 1.8% 0.08[0.05;0.11] |

Kumar et al., 2016 (0-10d) 11 56 15% 0.20[0.10;0.32) ——
Sigurjénsson et al., 2022 (0-6d) 1M1 21 10% 052[0.30;0.74] _
Tanriverdi et al., 2006 (24h) 10 49 15% 0.20[0.10;0.34] ——

Total (95% CI) 1042 18.4 0.18 [0.11: 0.24] -

D tion = B) 3-6 months

Aimaretti et al., 2004 (3m) 25 100 1.6% 0.25[0.17;0.35) S
Bensalah et al., 2020 (3m) 23 133 1.7% 0.17[0.11;0.25] i
Choudhary et al., 2023 (3m) 4 91 17% 0.04[0.01;011] &

Schneider et al., 2006 (3m) 7 77 17% 0.09[0.04;0.18] e

Total (95% CI 0.13 [0.05; 0.22] <

Agha et al., 2005 (6m) 6 48 1.6% 0.12[0.05;0.25] ——

Aimaretti et al., 2005 (12m) 14 70 16% 0.20[0.11;0.31] —E
Choudhary et al., 2023 (6m) 5 91 17% 005[0.02,0.12] M :

Frendl et al., 2017 (6-12m) 4 61 17% 0.07[0.020.16 -—:

Jeong et al., 2010 (6m) 17 65 15% 0.26[0.16;0.39] ——
Kumar et al., 2016 (6m) 4 41 1.6% 0.10[0.03;0.23] ——

Srinivasan et al., 2009 (5-12m) 4 18 11% 0.22[0.06;0.48] ——
Tolli et al., 2017 (12m) 6 56 16% 0.11[0.04;0.22] ———

Tolli et al., 2017 (6m) 2 5 17% 004[0.00;012] W—

Total (95% CI) 506 14.0% 0.11[0.07; 0.16] -

Agha et al., 2004 (6-36m) 11 102 1.7% 0.11[0.06; 0.18] -

Agha et al., 2005 (12m) 5 48 16% 0.10[0.03;0.23] —f—

Alavi et al., 2015 (>12m) 2 22 14% 0.09[0.01;029] ——
Bavisetty et al., 2008 (6-9m) 11 70 16% 0.16[0.08;0.26) ——

Bensalah et al., 2020 (12m) 18 116 1.7% 0.16[0.09; 0.23] B

Berg et al., 2010 (4-47m) 12 246 1.8% 0.05[0.03;0.08 B

Bondanelli et al., 2004 (12-64m) 4 50 16% 0.08[0.02;0.19] ——

Bushnik et al., 2007 (1.2-31y) 23 59 14% 0.39[0.27;0.53] —i—
Ciarlone et al., 2020 (1y) 4 59 17% 007[0.02;0.16) -H—

Ciarlone et al., 2020 (2y) 0 59 1.8% 0.00[0.00;006] W

Ciarlone et al., 2020 (3y) 7 59 16% 0.12[0.05;0.23] —.—

Claessen et al., 2024 (4.3y) 2 131 1.8% 0.02[0.00;0.05 & :

Cuesta et al., 2016 (19m) 26 112 1.6% 0.23[0.16;0.32] ——

Daloglu et al., 2024 (>12m) 5 30 14% 017[0.06,035 ———
Herrmann et al., 2006 (5-47m) 6 76 17% 0.08[0.03;0.16]) -—

High et al., 2010 () 43 83 15% 0.52][0.41;0.63] : ——
Kleindienst et al., 2009 (>2y) 9 23 1.1% 0.39[0.20;0.61] R
Klose et al., 2007 (10-27m) 16 104 17% 0.15[0.09; 0.24] -

Kokshoorn et al., 2011 (<12m) 3 112 1.8% 0.03[0.01;0.08] W

Krahulik et al., 2010 (1y) 12 89 16% 0.13[0.07;0.22] ——

Krewer et al., 2016 (>1y) 42 245 1.7% 0.17[0.13;0.22] -

Kumar et al., 2016 (1y) 4 32 15% 0.12[0.04;0.29] ——
Leal-Cerro et al., 2005 (>12m) 10 170 1.7% 0.06[0.03;0.11] |

Lee et al., 2021 (96m) 12 58 15% 0.21[0.11;0.33] ——
Monreau et al., 2012 (79.2m) 35 55 14% 0.64[0.50;0.76) : ——
Nemes et al., 2016 (1.1y) 32 63 14% 0.51[0.38;0.64] : R
Park et al., 2010 (16.4m) 9 45 15% 0.20[0.10;0.35] ——
Popovic et al., 2004 (1-22y) 10 67 16% 0.15[0.07;0.26] —_—

Prodam et al., 2013 (7.4y) 12 54 15% 0.22[0.12;0.36] ——
Schneider et al., 2006 (12m) 7 70 16% 0.10[0.04;020] -

Silva et al., 2015 (40.4m) 34 165 1.7% 0.21[0.15;0.28] -
Tanriverdi et al., 2006 (12m) 17 52 1.4% 0.33[0.20;0.47] ——
Tanriverdi et al., 2008 (3y) 7 30 1.3% 0.23[0.10;0.42] e
Tanriverdi et al., 2013 (5y) 7 25 12% 0.28[0.12;0.49] ———
Ulfarsson et al., 2010 (68m) 11 51 15% 0.22[0.11;0.35] ——

van der Eerden et al., 2010 (3-30m) 1 107 18% 0.01[0.00;005 W

Verma et al., 2021 (3m-5y) 100 200 1.7% 0.50[0.43; 0.57] -
Zacharia et al., 2022 (6-24y) 24 66 15% 0.36[0.25;0.49] e
Zgarljardic et al., 2011 (63.4m) 30 138 1.7% 0.22[0.15;0.30] -

Total (95% Cl) 3343 60.9 24 -

Total (95% Cl)

5292 100.0%

0.18 [0.14; 0.21]

Heterogeneity: Tau? = 0.0157; Chi® = 798.40, df = 63 (P < 0.01); I> = 92%
Test for subgroup differences: Chi? = 5.56, df =3 (P =0.13)
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Fig.5 Forest plot of the pooled
prevalence of adrenocortico-
trophic hormone deficiency
(n=47)

@ Springer

Events Total Weight IV, Random, 95% CI

IV, Random, 95% CI

Study or

Subgroup

Duration = A) < 3 months

Agha et al., 2005 (7-20d) 8
Choudhary et al., 2023 (14d) 0
Choudhary et al., 2023 (1m) 1
Choudhary et al., 2023 (2d) 0
Dimopoulou et al., 2004 (9-60d) 8
Gupta et al., 2021 (1d) 6
Gupta et al., 2021 (7d) 0
Kleindienst et al., 2009 (7d) 9
Kopczak et al., 2014 (Median 5-12w) 4
Kumar et al., 2016 (0-10d) 7
Sigurjonsson et al., 2022 (0-6d) 5
Tanriverdi et al., 2006 (24h) S
Tolli et al., 2015 (10-15d) 9
Tolli et al., 2017 (10d) 6
Duration = B) 3-6 months

Aimaretti et al., 2004 (3m) 8
Bensalah et al., 2020 (3m) 39
Choudhary et al., 2023 (3m) 1
Schneider et al., 2006 (3m) 15
Tolli et al., 2017 (3m) 3
1 95% Cl)

Duration = C) 6-12 mo

Agha et al., 2005 (6m) 9
Aimaretti et al., 2005 (12m) 5
Alavi et al., 2015 (>6m) 2
Choudhary et al., 2023 (6m) 1
Frendl et al., 2017 (6-12m) 0
Jeong et al., 2010 (6m) 6
Kumar et al., 2016 (6m) 1
Salleh et al., 2023 (9.8m) 6
Srinivasan et al., 2009 (5-12m) 9
Tolli et al., 2017 (12m) 2
Tolli et al., 2017 (6m) 1
Total (95% ClI

Duration = D) > 12 months

Agha et al., 2004 (6-36m) 13
Agha et al., 2005 (12m) 9
Alavi et al., 2015 (>12m) 0
Bavisetty et al., 2008 (6-9m) 0
Bensalah et al., 2020 (12m) 29
Berg et al., 2010 (4-47m) 11
Bondanelli et al., 2004 (12-64m) 0
Bushnik et al., 2007 (1.2-31y) 39
Ciarlone et al., 2020 (1y) 3
Ciarlone et al., 2020 (2y) 2
Ciarlone et al., 2020 (3y) 9

Claessen et al., 2024 (4.3y) 0
Cuesta et al., 2016 (19m) 23
Daloglu et al., 2024 (>12m) 0
Herrmann et al., 2006 (5-47m) 2
Kleindienst et al., 2009 (>2y) 1
Klose et al., 2007 (10-27m) 5
Kokshoorn et al., 2011 (<12m) 2
Krahulik et al., 2010 (1y) 0
Krewer et al., 2016 (>1y) 71
Kumar et al., 2016 (1y) 1
Leal-Cerro et al., 2005 (>12m) 1"
Lee et al., 2021 (96m) 13
Monreau et al., 2012 (79.2m) 15
Nemes et al., 2016 (1.1y)
Park et al., 2010 (16.4m)
Popovic et al., 2004 (1-22y)
Prodam et al., 2013 (7.4y)
Schneider et al., 2006 (12m)
Silva et al., 2015 (40.4m)
Tanriverdi et al., 2006 (12m)
Tanriverdi et al., 2008 (3y)
Tanriverdi et al., 2013 (5y)
van der Eerden et al., 2010 (3-30m)
Verma et al., 2021 (3m-5y)
Zacharia et al., 2022 (6-24y)

1 (95

Cl)

-y

(R
POO-2NOBPOINOOO

ota

Total (95% CI)

50
93
91
100
34
84
76
49
340
56
21
51
84
56

1105
1185

100
133
91
77
56

48
70
47
91
61
65
M
105
18
56
56

65¢

102
48

70
116
246

50

59
59
59
131
112
30
76
23
104
112
89
245
32
170

55
63
45
67

70
165
52
30
25
107
200

1.4%
1.7%
1.7%
1.7%
1.2%
1.6%
1.7%
1.3%
1.7%
1.5%
1.0%
1.5%
1.5%

1.5%

1.6%
1.5%
1.7%
1.4%
1.6%

1.3%
1.6%
1.6%
1.7%
1.7%
1.5%
1.6%
1.6%
0.8%
1.6%

1.7%

1.6%
1.3%
1.6%
1.7%
1.5%
1.7%
1.7%
1.3%
1.6%
1.6%
1.4%
1.7%
1.5%
1.6%
1.7%
0.9%
1.6%
1.7%
1.7%
1.6%
1.6%
1.6%
1.3%
1.3%
1.5%
1.4%
1.6%
1.4%
1.5%
1.6%
1.4%
1.4%
1.5%
1.6%
1.7%

1.3%

5376 100.0%

0.16[0.07; 0.29]
0.00 [0.00; 0.04]
0.01 [0.00; 0.06]
0.00 [0.00; 0.04]
0.24[0.11; 0.41]
0.07 [0.03; 0.15]
0.00 [0.00; 0.05]
0.18[0.09; 0.32]
0.01[0.00; 0.03]
0.12[0.05; 0.24]
0.24 [0.08; 0.47]
0.10[0.03; 0.21]
0.11[0.05; 0.19]
0.11[0.04; 0.22]

.07 [0.03; 0.11]

0.08 [0.04; 0.15]
0.29 [0.22; 0.38]
0.01 [0.00; 0.06]
0.19[0.11; 0.30]
0.05 [0.01; 0.15]

0.12[0.02; 0.22]

0.19[0.09; 0.33]
0.07 [0.02; 0.16]
0.04[0.01; 0.15]
0.01 [0.00; 0.06]
0.00 [0.00; 0.06]
0.09 [0.03; 0.19]
0.02[0.00; 0.13]
0.06 [0.02; 0.12]
0.50 [0.26; 0.74]
0.04 [0.00; 0.12]
0.02[0.00; 0.10]

kst
07]

0.05[0.02;: 0

0.13[0.07; 0.21]
0.19[0.09; 0.33]
0.00 [0.00; 0.15]
0.00 [0.00; 0.05]
0.25[0.17; 0.34]
0.04 [0.02; 0.08]
0.00 [0.00; 0.07]
0.61[0.48; 0.73]
0.05 [0.01; 0.14]
0.03[0.00; 0.12]
0.15[0.07; 0.27]
0.00 [0.00; 0.03]
0.21[0.13; 0.29]
0.00 [0.00; 0.12]
0.03 [0.00; 0.09]
0.48 [0.27; 0.69]
0.05 [0.02; 0.11]
0.02 [0.00; 0.06]
0.00 [0.00; 0.04]
0.29 [0.23; 0.35]
0.03[0.00; 0.16]
0.06 [0.03; 0.11]
0.22[0.13; 0.35]
0.27 [0.16; 0.41]
0.10 [0.04; 0.20]
0.13[0.05; 0.27]
0.07 [0.02; 0.17]
0.13[0.05; 0.25]
0.09 [0.03; 0.18]
0.08 [0.05; 0.14]
0.19[0.10; 0.33]
0.07 [0.01; 0.22]
0.04 [0.00; 0.20]
0.06 [0.02; 0.12]
0.05 [0.02; 0.09]
0.52[0.39; 0.64]

0.12 [0.07; 0.16]

0.10 [0.08; 0.13]

Heterogeneity: Tau? = 0.0115; Chi® = 653.48, df = 65 (P < 0.01); I> = 90%

Test for subgroup differences: Chi? = 9.01, df =3 (P =0.03)
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Fig.6 Forest plot of the pooled
prevalence of pituitary—gonadal
axis hormones deficiency
(n=45)

Zacharia et al., 2022 (6-24y)

Total (9

1.5%

0.32[0.21; 0.44]

0.10 [0.08; 0.13]

Study or
Subgroup Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Duration = A) < 3 months i
Agha et al., 2005 (7-20d) 40 50 1.5% 0.80[0.66;0.90] : —l—
Choudhary et al., 2023 (14d) 5 84 1.7% 006[0.02;0.13]
Choudhary et al., 2023 (1m) 7 82 17% 0.09[0.04;0.17] -
Choudhary et al., 2023 (2d) 9 89 1.7% 0.10[0.05;0.18] E =
Dimopoulou et al., 2004 (9-60d) 8 34 14% 0.24[0.11;0.41] ——
Gupta et al., 2021 (1d) 21 84 16% 0.25[0.16;0.36] ——
Gupta et al., 2021 (7d) 51 76 15% 067[0.55;0.77] : -
Kleindienst et al., 2009 (7d) 10 43 1.4% 0.23[0.12;0.39] ——
Kopczak et al., 2014 (Median 5-12w) 136 340 1.7% 0.40[0.35; 0.45] i E 3
Kumar et al., 2016 (0-10d) 21 56 14% 0.38[0.25;0.51] P —i—
Sigurjénsson et al., 2022 (0-6d) 9 17 1.0% 0.53[0.28;0.77] P — i —
Tanriverdi et al., 2006 (24h) 20 48 1.4% 0.42[0.28;0.57] —i—
Total (95% C 1003 17 0.3410.21: 0.47] 5 -
Duration = B) 3-6 months H
Aimaretti et al., 2004 (3m) 17 100 16% 0.17[0.10; 0.26] e
Bensalah et al., 2020 (3m) 9 133 1.7% 0.07[0.03;0.12]
Choudhary et al., 2023 (3m) 7 82 17% 0.09[0.04;0.17] -
Schneider et al., 2006 (3m) 24 74 15% 0.32[0.22;0.44] P ——
Total (95% CI 389 6.5 0.15 [0.05 6] i
Agha et al., 2005 (6m 11 48 15% 0.23[0.12;0.37] ——
Aimaretti et al., 2005 (12m) 8 70 1.6% 0.11[0.05;0.21] -
Alavi et al., 2015 (>6m) 10 47 15% 0.21[0.11;0.36] ——
Choudhary et al., 2023 (6m) 9 82 1.6% 0.11[0.05;0.20] -
Frendl et al., 2017 (6—12m) 4 61 17% 0.07[0.02;0.16] —
Jeong et al., 2010 (6m) 5 65 17% 008[0.03;0.17] -+
Kumar et al., 2016 (6m) 4 41 16% 0.10[0.03;0.23] -l-—
Salleh et al., 2023 (9.8m) 18 105 1.6% 0.17[0.10; 0.26] B =
Srinivasan et al., 2009 (5-12m) 0 18 16% 0.00[0.00;0.19] M—-
Tolli et al., 2017 (12m) 1 56 1.5% 0.20[0.10;0.32] ——
Tolli et al., 2017 (6m) 14 56 15% 0.25[0.14;0.38] ——
Total (95% CI) 4¢ 7.3 0.13[0.08; 0.17] &>
Duration = D) > 12 montt
Agha et al., 2004 (6-36m) 12 102 1.7% 0.12[0.06; 0.20] -.—
Agha et al., 2005 (12m) 6 48 1.6% 0.12[0.05;0.25] ——
Alavi et al., 2015 (>12m) 2 22 15% 0.09[0.01;0.29] —W—
Bavisetty et al., 2008 (6-9m) 7 70 1.6% 0.10[0.04;0.20] -
Bensalah et al., 2020 (12m) 10 116 1.7% 0.09[0.04;0.15] &
Berg et al., 2010 (4-47m) 23 246 1.7% 0.09 [0.06;0.14] =
Bondanelli et al., 2004 (12-64m) 7 50 15% 0.14[0.06;0.27] ——
Bushnik et al., 2007 (1.2-31y) 7 41 15% 0.17[0.07;0.32] e
Ciarlone et al., 2020 (1y) 6 59 1.6% 0.10[0.04;0.21] -
Ciarlone et al., 2020 (2y) 9 59 16% 0.15[0.07;0.27] —_—
Ciarlone et al., 2020 (3y) 6 59 16% 0.10[0.04;0.21] -
Claessen et al., 2024 (4.3y) 0 131 1.7% 0.00[0.00; 0.03]
Cuesta et al., 2016 (19m) 21 112 16% 0.19[0.12;0.27] -
Daloglu et al., 2024 (>12m) 0 30 17% 0.00[0.00;0.12] I — :
Herrmann et al., 2006 (5-47m) 13 76 1.6% 0.17[0.09;0.27] B
Kleindienst et al., 2009 (>2y) 1 22 16% 0.05[0.00;0.23] H——
Klose et al., 2007 (10-27m) 2 104 17% 0.02[0.00;0.07] W
Kokshoorn et al., 2011 (<12m) 1 112 17% 001[0.00;005 B
Krahulik et al., 2010 (1y) 5 89 17% 006[0.02;0.13]
Krewer et al., 2016 (>1y) 46 245 1.7% 0.19[0.14;0.24] E 3
Kumar et al., 2016 (1y) 4 32 15% 0.12[0.04;0.29] ——
Leal-Cerro et al., 2005 (>12m) 29 170 1.7% 0.17[0.12;0.24] :
Lee et al., 2021 (96m) 4 58 1.7% 0.07[0.02;0.17] -
Monreau et al., 2012 (79.2m) 1 55 17% 0.02[0.00;0.10] W :
Nemes et al., 2016 (1.1y) 15 63 1.5% 0.24[0.14;0.36] i
Park et al., 2010 (16.4m) 8 45 15% 0.18[0.08;0.32] ——
Popovic et al., 2004 (1-22y) 6 67 16% 0.09[003;0.18] -
Prodam et al., 2013 (7.4y) 9 54 15% 0.17[0.08;0.29] ——
Schneider et al., 2006 (12m) 14 70 1.6% 0.20[0.11;0.31] ——
Silva et al., 2015 (40.4m) 19 165 1.7% 0.12[0.07;0.17] L
Tanriverdi et al., 2006 (12m) 4 52 16% 008[0.02;019] -
Tanriverdi et al., 2008 (3y) 0 30 1.7% 0.00[0.00;0.12] l—:
Tanriverdi et al., 2013 (5y) 1 25 16% 0.04[0.00;0.20] ——
van der Eerden et al., 2010 (3-30m) 7 107 17% 0.07[0.03;0.13] B
Verma et al., 2021 (3m-5y) 40 200 1.7% 0.20[0.15;0.26] =
21 66 ——
3 ¢
<*

Total (95% Cl)

5093 100.0%

0.16 [0.12; 0.19]

Heterogeneity: Tau® = 0.0182; Chi® = 991.31, df = 62 (P < 0.01); I> = 94%

Test for subgroup differences: Chi*=12.70,df =3 (P <0.01)

@ Springer



841 Page 16 of 21 Neurosurgical Review (2024) 47:841

Fig. 7 Forest plot of the pooled Study or
prevalence of TSH deﬁciency Subgroup Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
(n=45) Duration = A months
Agha et al., 2005 (7-20d) 1 50 19% 0.02[0.00;0.11] #M——
Choudhary et al., 2023 (14d) 2 93 20% 0.02[0.00;0.08) M-
Choudhary et al., 2023 (1m) 2 91 20% 002[0.00;0.08 M
Choudhary et al., 2023 (2d) 6 100 1.8% 0.06[0.02;0.13] -
Dimopoulou et al., 2004 (9-60d) 5 34 09% 0.15[0.05;0.31] ——
Gupta et al., 2021 (1d) 14 84 1.3% 0.17[0.09;0.26] ——
Gupta et al., 2021 (7d) 12 76 1.3% 0.16[0.08; 0.26] ——
Kleindienst et al., 2009 (7d) 8 47 1.0% 0.17[0.08;0.31] ——
Kopczak et al., 2014 (Median 5-12w) 19 340 2.1% 0.06[0.03; 0.09] L
Kumar et al., 2016 (0-10d) 16 56 0.9% 0.29[0.17;0.42] —.—
Sigurjonsson et al., 2022 (0-6d) 3 21 06% 0.14[0.03;0.36) — #———
Tanriverdi et al., 2006 (24h) 3 52 15% 0.06[0.01;0.16] —W——
Tolli et al., 2015 (10-15d) 14 84 1.3% 0.17[0.09; 0.26] P ——
Tolli et al., 2017 (10d) 13 56 09% 0.23[0.13;0.36] : ——
Total (95% Cl) 1184 19.5 0.11 [0.07; 0.15] -
Duration = B) 3-6 months
Aimaretti et al., 2004 (3m) 5 100 1.8% 0.05[0.02;0.11] -—
Bensalah et al., 2020 (3m) 2 133 21% 0.02[0.00;0.05 W
Choudhary et al., 2023 (3m) 1 91 21% 0.01[0.00;0.06] W—
Schneider et al., 2006 (3m) 6 77 16% 008[0.03;0.16] —H—
Tolli et al., 2017 (3m) 4 56 15% 0.07[0.02;0.17] ——
Total (95% ClI 457 9.1 0.03[0.01; 0.06] @
Agha et al., 2005 (6m) 1 48 19% 0.02[0.00;011] M—
Aimaretti et al., 2005 (12m) 5 70 16% 0.07[0.02;0.16] ——
Alavi et al., 2015 (>6m) 0 47 20% 0.00[0.00;0.08] W—-
Choudhary et al., 2023 (6m) 1 91 21% 0.01[0.00;0.06] H—
Frendl et al., 2017 (6-12m) 3 61 17% 005[0.01;0.14] —W—
Jeong et al., 2010 (6m) 5 65 15% 0.08[0.03;0.17] —|—
Kumar et al., 2016 (6m) 1 41 18% 0.02[0.00;0.13] M—
Salleh et al., 2023 (9.8m) 14 105 1.5% 0.13[0.07;0.21] —i—
Srinivasan et al., 2009 (5-12m) 4 18 04% 0.22[0.06;0.48] § -
Tolli et al., 2017 (12m) 0 56 21% 0.00[0.00;0.06] e
Tolli et al., 2017 (6m) 2 56 1.8% 0.04[0.00;0.12] -M—
Total (95% C 658 3.4 0.04 [0.01; 0.06] >
Juration = D) > 12 months
Agha et al., 2004 (6-36m) 1 102 21% 0.01[0.00;0.05] M-
Agha et al., 2005 (12m) 1 48 19% 0.02[0.00;0.11] #M—
Bavisetty et al., 2008 (6-9m) 0 70 21% 0.00[0.00;0.05] W—
Bensalah et al., 2020 (12m) 1 116 22% 0.01[0.00;0.05] -
Berg et al., 2010 (4-47m) 29 246 19% 0.12[0.08;0.16] ——
Bondanelli et al., 2004 (12-64m) 5 50 13% 0.10[0.03;0.22) —a—
Bushnik et al., 2007 (1.2-31y) 12 63 1.1% 0.19[0.10;0.31] —a—
Claessen et al., 2024 (4.3y) 4 131 2.0% 0.03[0.01;0.08]
Cuesta et al., 2016 (19m) 6 112 19% 0.05[0.02;0.11] e
Daloglu et al., 2024 (>12m) 0 30 1.8% 0.00[0.00;0.12] W——
Herrmann et al., 2006 (5-47m) 2 76 19% 0.03[0.00;0.09] —
Kleindienst et al., 2009 (>2y) 1 22 12% 005[0.00;023] —W———
Klose et al., 2007 (10-27m) 2 104 21% 0.02[0.00;0.07]
Krahulik et al., 2010 (1y) 0 89 22% 0.00[0.00;0.04] W
Krewer et al., 2016 (>1y) 39 245 1.8% 0.16[0.12;0.21] . B
Kumar et al., 2016 (1y) 2 32 12% 006[0.01;0.21] —@——
Leal-Cerro et al., 2005 (>12m) 10 170 1.9% 0.06[0.03;0.11] i
Lee et al., 2021 (96m) 6 58 1.3% 0.10[0.04;0.21] ———
Monreau et al., 2012 (79.2m) 12 55 1.0% 0.22[0.12;0.35] ——
Nemes et al., 2016 (1.1y) 14 63 10% 022[0.13;0.34] s
Park et al., 2010 (16.4m) 3 45 14% 007[0.01;0.18) ——
Popovic et al., 2004 (1-22y) 3 67 17% 0.04[0.01;0.13] - —
Prodam et al., 2013 (7 .4y) 7 54 12% 0.13[0.05;0.25] ——
Schneider et al., 2006 (12m) 2 70 19% 0.03[0.00;0.10] —
Silva et al., 2015 (40.4m) 12 165 1.9% 0.07 [0.04;0.12] e
Tanriverdi et al., 2006 (12m) 3 52 15% 006[001;0.16] —M—
Tanriverdi et al., 2008 (3y) 0 30 1.8% 0.00[0.00;0.12] W———
Tanriverdi et al., 2013 (5y) 0 25 17% 0.00[0.00;0.14] B—
van der Eerden et al., 2010 (3-30m) 1 107 21% 0.01[0.00;005 W
Verma et al., 2021 (3m-5y) 21 200 1.9% 0.10[0.07;0.16] ——
Zacharia et al., 2022 (6-24y) 2 66 19% 003[0.00;011] —
Total (95% Cl) 2763 52.9 0.05 [0.03; 0.07] L 2
Total (95% Cl) 5062 100.0% 0.06 [0.05; 0.07] *
Heterogeneity: Tau? = 0.0024; Chi® = 285.98, df = 60 (P < 0.01); I* = 79% f T T T !
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pituitary axis dysfunction. The pituitary gland plays a cru-
cial role in regulating hormone production, and disruption
post-TBI can lead to a range of endocrine abnormalities [6,
7]. However, the prevalence and temporal patterns of pitui-
tary axis dysfunction following TBI have not been compre-
hensively elucidated, prompting this systematic review and
meta-analysis to provide a more nuanced understanding of
this complex relationship.

Our meta-analysis synthesised data from 52 studies
comprising 7367 participants, shedding light on the preva-
lence and temporal changes in pituitary axis dysfunction
post-TBI. The pooled prevalence of any axis affection was
found to be 33% (95% CI [28%; 37%]), indicating a sub-
stantial burden of pituitary dysfunction in this population.
Subgroup analysis based on duration post-TBI revealed
intriguing temporal patterns. Within the first 3 months,
the prevalence of any axis affection peaked at 40% (95%
CI [27%; 53%]), gradually decreasing over time to 31%
(95% CI [15%; 47%]) at 3—6 months, 26% (95% CI [19%;
33%]) at 612 months, and 32% (95% CI [26%; 38%])
beyond 12 months. These findings suggest an initial surge
in pituitary dysfunction post-TBI, followed by a gradual
decline, although prevalence remains elevated even in the
chronic phase.

In terms of multiple axes affection, our analysis revealed
an overall prevalence of 7% (95% CI [6%; 9%]), indicating
that while simultaneous dysfunction across multiple axes
is less common, it is still clinically significant. Subgroup
analysis by duration showed relatively stable prevalence
rates across different timeframes, ranging from 13% (95%
CI [6%; 20%]) for <3 months to 7% (95% CI [5%; 9%])
for > 12 months.

The observed prevalence rates of any axis affection post-
TBI align with previous literature documenting a high preva-
lence of pituitary axis dysfunction in this population [7, 9].
The initial surge in dysfunction within the first 3 months
could be attributed to acute TBI-related pathophysiological
processes, such as neuroinflammation post-TBI trigering an
immune response that aims to clear damaged neuronal cells
which can become prolonged or excessive, leading to sec-
ondary damage, as well as neuroendocrine disruption due
to direct damage to the hypophysis axes. As the post-TBI
period progresses, a combination of adaptive mechanisms
and therapeutic interventions may contribute to the gradual
decline in prevalence, although persistent dysfunction under-
scores the chronic nature of this complication [70, 71].

Comparing our findings with existing literature, several
studies have reported comparable prevalence rates of pitui-
tary dysfunction following TBI. For example, Agha et al.
(2005) found a prevalence of 35% for any axis affection,
corroborating our overall estimate. Similarly, Aimaretti et al.
(2004) [18] and Bondanelli et al. (2004) [26] highlighted
the dynamic nature of pituitary dysfunction post-TBI, with

prevalence rates mirroring our subgroup analyses based on
duration [72, 73].

The stability of multiple axes affection prevalence across
different timeframes suggests that while initial dysfunction
may involve multiple axes, the chronic phase often mani-
fests as isolated or fewer axis dysfunctions. This observation
is supported by studies such as Berg et al. (2010), which
demonstrated a shift in pituitary axis involvement over time
post-TBI [8, 9, 25].

Notably, specific axes affection showed distinct preva-
lence rates, with GH deficiency being the most prevalent
at 18% (95% CI [14%; 21%]). This finding is consistent
with prior research highlighting GH deficiency as a com-
mon consequence of TBI-induced hypopituitarism. Studies
emphasised the clinical significance of GH deficiency in TBI
patients, underscoring the importance of targeted screening
and management strategies [10].

Similarly, the prevalence of ACTH deficiency (10%; 95%
CI [8%; 13%]), pituitary—gonadal axis hormones deficiency
(16%; 95% CI [12%; 19%]), and TSH deficiency (6%; 95%
CI [5%; 7%]) provides valuable insights into the spectrum of
pituitary axis involvement post-TBI. These findings resonate
with previous literature elucidating the multifaceted endo-
crine disturbances following TBI, as highlighted by stud-
ies. Clinical manifestation of the deficiencies is presented
in (Table 4) [6, 10].

Gaps and limitations

The study has several limitations. First, potential risk factors
related to TBI, particularly those involving clinical manifes-
tations in the acute phase and conditions that mimic hypopi-
tuitarism, remain unclear and require further investigation.
Second, there is a possibility of publication bias, as stud-
ies with positive findings are more likely to be published,
which may have distorted the results. Third, by restricting
the search to English-language studies, significant research
published in other languages may have been excluded, which
could impact the generalizability of the findings. Addition-
ally, incomplete reporting in some studies posed challenges
for data extraction and quality assessment. Lastly, despite
employing a comprehensive search strategy, some relevant
recent studies may have been overlooked.

Conclusion

In conclusion, our meta-analysis underscores the high preva-
lence and dynamic nature of pituitary axis dysfunction fol-
lowing TBI, with distinct temporal patterns and axis-spe-
cific variations. Key findings include a pooled prevalence
of any pituitary axis affection at 33% (95% CI [28%; 37%)),
underscoring the substantial burden of pituitary dysfunction
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Table 4 Clinical Implications of Pituitary Hormone Deficiencies

Hormonal Deficiency Symptoms

Clinical Findings

GH - Fatigue
- Decreased muscle mass
- Increased body fat
- Depression or anxiety
- Poor quality of life
- Reduced exercise capacity

- Reduced libido
- Infertility

LH/FSH

- Irregular or absent menstruation (in women)

- Erectile dysfunction (in men)
- Hot flashes

- Fatigue

- Weight loss

- Nausea, vomiting

- Dizziness, especially upon standing
- Low blood pressure
TSH - Fatigue

- Weight gain

- Cold intolerance

- Constipation

- Dry skin, hair loss
- Depressed mood

ACTH

- Low GH levels on stimulation test
- Reduced IGF-1 levels

- Decreased lean body mass

- Increased fat mass

- Low testosterone levels (men)
- Low estrogen levels (women)
- Low or inappropriately normal LH/FSH levels

- Low cortisol levels

- Low ACTH levels

- Hyponatremia (low sodium)

- Hypoglycemia (low blood sugar)

- Low free T4 and T3 levels

- Low or inappropriately normal TSH levels
- Bradycardia (slow heart rate)

- Elevated cholesterol levels

in this population. Growth hormone (GH) deficiency was
found to have the highest pooled prevalence among all
axes (18% (95% CI [14%; 21%])), with the highest rates
observed beyond 12 months post-injury at 19% (95% CI
[14%; 24%]). Adrenocorticotropic hormone (ACTH) defi-
ciency showed an overall prevalence of 10% (95% CI [8%;
13%]), with rates peaking at 12% (95% CI [2%; 22%]) dur-
ing the 3—6 months post-injury. Pituitary—gonadal axis
hormone deficiency exhibited a pooled prevalence of 16%
(95% CI [12%; 19%]), with a particularly high prevalence
within the first three months at 34% (95% CI [21%; 47%])).
Thyroid-stimulating hormone (TSH) deficiency had the low-
est overall prevalence at 6% (95% CI [5%; 7%]), with a peak
within the first three months at 11% (95% CI [7%; 15%]).
These findings highlight the persistent and varying nature of
pituitary dysfunction following TBI, emphasizing the need
for ongoing monitoring and tailored clinical management of
affected patients. The variability in prevalence rates raises
the question of how extensive is the role played by factors
such as TBI severity, patient demographics, and both clinical
and paraclinical variables in this inconsistency, highlighting
the need for further research to clarify these relationships.
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