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Abstract

Hereditary hearing loss accounts for over 60% of congenital deafness cases, with non-syndromic hearing loss (NSHL) representing the most 
common subtype. Typically caused by monogenic mutations, NSHL presents a promising candidate for gene therapy. Recent advances in de-
ciphering the genetic underpinnings of deafness and developing gene delivery systems have greatly accelerated the progress of inner ear gene 
therapy, leading to a number of breakthrough achievements. This review provides an overview of the latest developments in gene therapy for 
NSHL. After outlining the genetic basis of NSHL, we summarize the preclinical progress made during the first decade of hereditary deafness gene 
therapy. Special emphasis is placed on gene replacement strategies for DFNB9, an autosomal recessive form of hearing loss caused by muta-
tions in the OTOF gene. We highlight the remarkable journey of OTOF gene therapy and discuss future directions in this transformative field. 
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Introduction

Hearing loss is projected to affect 2.45 billion individuals by 
2050, with consequences extending far beyond health impair-
ments [1-2]. Over 60% of congenital and childhood hearing 
loss cases are hereditary, which is further categorized into syn-
dromic hearing loss and non-syndromic hearing loss (NSHL) 
[3-4]. Accounting for approximately 70% of hereditary hearing 
loss cases, NSHL represents a major clinical entity. It primarily 
involves the auditory system and is predominantly monogenic, 
with well-characterized genetic mechanisms [5]. To date, 156 
genes associated with NSHL have been identified, yet no phar-
macotherapeutic options are commercially available. 
Currently, cochlear implantation remains the clinical gold 
standard for hearing loss intervention. This device bypasses 
damaged hair cells by directly stimulating the auditory nerve 
with electrical pulses to transmit sound signals to the brain [6]. 
However, it does not correct the underlying genetic defects in 
target cells, nor does it restore natural physiological hearing [7-
8].
Gene therapy, a concept first proposed nearly six decades ago, 
is now recognized as a promising treatment for a wide range 
of genetic disorders [9]. It involves the manipulation of gene 

presence or expression and is generally implemented through 
three main strategies: gene replacement, gene suppression, 
and gene editing [10]. More than 3,000 clinical trials targeting 
genetic diseases across multiple organ systems are current-
ly underway [11]. Patients with various conditions, including 
blindness, neuromuscular disorders, hemophilia, primary im-
munodeficiencies, and certain cancers, have already derived 
clinical benefits from gene therapy interventions. Given its 
typically monogenic etiology and confined anatomical focus, 
NSHL is considered an ideal candidate for inner ear gene 
therapy. Combined with next-generation sequencing based 
diagnostics that enable precise genetic characterization, this 
approach holds the potential to directly restore auditory cell 
function, offering a curative solution.
This rapidly evolving field has generated substantial progress. 
Successful translation from animal studies to clinical trials has 
also brought hope to patients with hereditary deafness [12-16]. 
Notably, a comparative study suggests that gene therapy may 
present several advantages over cochlear implants, including 
faster recovery of auditory function, improved speech percep-
tion in noisy environments, and better music discrimination 
[17]. Given limitations such as short follow-up periods and 
small sample sizes, it would be premature to conclude which 
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approach is superior. However, these findings indicate that 
gene therapy may provide a novel effective treatment for ge-
netically driven congenital deafness.
In light of the remarkable advances in deafness gene therapy 
in recent years, a timely synthesis of these developments is 
essential to consolidate knowledge and guide future research. 
This review summarizes the latest progress in gene therapy 
for NSHL and discusses its clinical implications. We place par-
ticular emphasis on gene replacement strategies for DFNB9, 
an area that has attracted extensive research interest and ex-
hibits strong translational potential.

The Genetic Basis of Non-syndromic Heredi-
tary Hearing Loss

NSHL exhibits heterogeneous inheritance patterns, predom-
inantly autosomal recessive (75–80%) and autosomal dom-
inant (about 20%), with minor contributions from sex-linked 
(about 2%) and mitochondrial (less than 1%) patterns[18-19]. 
To date, 156 causative genes have been identified in major 
databases such as ClinVar, OMIM, and the Hereditary Hearing 
Loss database [5, 20], providing a foundational framework for 
the understanding of NSHL pathogenesis. Among these, GJB2 
and SLC26A4 are the most frequently implicated pathogenic 
genes, with other significant contributors including MT-RNR1, 
OTOF, MYO15A, MYO7A, and TMC1, among others [21-24]. Al-
lelic heterogeneity further compounds this genetic complexity, 
wherein multiple distinct deafness-causing mutations can oc-
cur within a single gene [25].

Autosomal recessive NSHL
Currently, 88 genes have been identified to cause autosomal 
recessive NSHL, the most prevalent subtype of NSHL [5]. Over 
90% of autosomal recessive NSHL cases manifest as prelin-
gual, severe-to-profound sensorineural hearing impairment, 
which typically affects all frequencies. This clinical presenta-
tion can be attributed to the critical roles played by the corre-
sponding proteins in the development, structural integrity, and 
physiological function of various inner ear structures, including 
stereocilia bundles, the mechanoelectrical transduction (MET) 
channel complex, and the stria vascularis (Table 1). 
Among these causative genes, GJB2 is the most prevalent, 
accounting for approximately half of congenital sensorineural 
hearing loss worldwide [26]. It encodes connexin 26, a gap 
junction protein essential for intercellular permeability [27]. 
SLC26A4 represents another common deafness gene, which 
is involved in anion transport, and mutations in this gene are 
associated with an enlarged vestibular aqueduct [28]. Another 
significant gene is OTOF, which has emerged as a promising 
target for gene therapy. It encodes otoferlin, a calcium sensor 
believed to regulate exocytosis and highly expressed in inner 
hair cells [29]. 

Autosomal dominant NSHL
To date, 64 genes have been identified as causative for autoso-
mal dominant NSHL [5]. The products of these genes are primar-
ily involved in the maintenance and homeostatic regulation of 
inner ear structures, including cellular activity, functional stability, 
and transcriptional control (Table 2). Consequently, the associated 
clinical phenotype is typically less profound than that of auto-

somal recessive NSHL. It is generally characterized by post-lin-
gual onset, emerging from late childhood to early adulthood, 
and featuring progressive deterioration. This form of hearing 
loss is usually bilateral, predominantly affects high frequencies 
(resulting in a sloping audiometric configuration), and varies in 
severity from mild to profound [19, 30]. 
Common forms of autosomal dominant NSHL involve genes 
such as KCNQ4, TECTA, POU4F3, WFS1, EYA4, and ACTG1 
[30-32]. Notably, some cases exhibit gene-specific frequency 
impairments. For example, mutations in DIAPH1 (DFNA1) and 
WFS1 (DFNA6/14/38) typically affect low frequencies, while 
DFNA16 (for which the causative gene remains unidentified) is 
characterized by fluctuating hearing loss [30].

Sex-linked and mitochondrial NSHL
Only a negligible proportion of NSHL cases are attributed to 
mutations in sex chromosomes or mitochondrial DNA [18]. 
Sex-linked hereditary hearing loss demonstrates a distinct 
gender bias in its inheritance pattern, characterized by a high-
er prevalence, earlier onset, and more severe impairment in 
males than in females [33], [5, 34]. To date, seven DFNX and 
two DFNY loci have been identified as contributors to this 
form of hearing impairment. The Clinical Genome Resource 
(ClinGen) has established definitive gene-disease relationships 
for NSHL involving POU3F4, PRPS1, SMPX, and AIFM1 [35]. 
Among these, POU3F4 (DFNX3) is the most frequently impli-
cated X-linked locus [34].
Mitochondrial NSHL is a maternally inherited condition result-
ing from mutations in mitochondrial DNA, and affected fathers 
do not transmit the hearing loss to their offspring. Nine loci 
have been reported to contribute to mitochondrial NSHL. The 
m.1555A>G and m.1494C>T mutations in the MT-RNR1 gene 
(encoding 12S rRNA) represent the most common forms of 
mitochondrial hearing loss, with the former being more prev-
alent than the latter [36]. These variants alter the secondary 
structure of the 12S rRNA, creating a potential binding site for 
aminoglycosides and thereby conferring heightened suscepti-
bility to their ototoxic effects [36-37]. Exposure to aminoglyco-
sides, even at standard therapeutic doses, has been reported 
to induce profound, bilateral sensorineural hearing loss that 
may continue to progress for years after drug discontinuation 
[38]. Therefore, genetic screening to identify carriers, coupled 
with the subsequent avoidance of aminoglycosides, is crucial 
for preventing this form of deafness [38-39].

Gene Therapy for NSHL

Nonsyndromic hearing impairments exhibit unparalleled het-
erogeneity, yet they can be generally categorized into three 
functional effects: loss-of-function (LOF), gain-of-function 
(GOF) and dominant-negative (DN) [40]. LOF variants can result 
in either recessive, or dominant inheritance (haploinsufficien-
cy), where a single LOF allele is insufficient to maintain normal 
function. Meanwhile, GOF and DN mutations typically cause 
dominant disorders [41]. To counteract these mechanisms, 
three primary gene therapy strategies are designed: gene re-
placement, gene suppression, and gene editing. Accordingly, 
different strategies provide solutions for different pathogenic 
mechanisms. Gene replacement compensates for LOF through 
functional protein supplement, while gene suppression aims 
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Locus name Gene symbol Role in the inner ear
DFNB1A GJB2 Physiological ion balances 
DFNB3 MYO15A Stereocilia elongation
DFNB4 SLC26A4 Anion and bases transmembrane transport
DFNB6 TMIE MET complex component

DFNB7/11 TMC1 MET complex component
DFNB8/10 TMPRSS3 Signaling regulation through proteolytic activation

DFNB9 OTOF Ca2 + sensor for exocytosis in hair cells
DFNB12 CDH23 Adhesion protein assisting stereocilia organization

DFNB15/72/95 GIPC3  Vesicle trafficking protein complex component
DFNB16 STRC  Stereocilia cohesion, apical tip positioning

DFNB18B OTOG Sensory epithelial patches component
DFNB21 TECTA Hardesty’s membrane component
DFNB22 OTOA Anchoring protein of tectorial membrane
DFNB24 RDX  Cross-linkers between integral membrane proteins and actin of cytoskeleton
DFNB25 GRXCR1 Modulator of actin cytoskeleton in stereocilia development
DFNB28 TRIOBP Actin-binding Protein
DFNB29 CLDN14 Selective paracellular permeability
DFNB30 MYO3A Stereocilia component
DFNB31 WHRN Stereocilia elongation

DFNB32/105 CDC14A Mitosis assistance
DFNB35 ESRRB Development of marginal cells and stria vascularis
DFNB36 ESPN Myosin III cargo protein
DFNB39 HGF Regulation of epithelial cell development and motility
DFNB42 ILDR1 Integral protein of the tricellular tight junction complex
DFNB48 CIB2 Intracellular calcium signaling mediation
DFNB49 MARVELD2 Integral membrane protein in tight junction strand
DFNB53 COL11A2 Tectorial membrane component
DFNB57 PDZD7 Hair-cell stereocilia ankle-link complex composition
DFNB59 PJVK Stereocilia maintenance, pexophagy against the oxidative stress
DFNB63 LRTOMT TMC1/2 localization to the MET complex
DFNB67 LHFPL5 MET complex component
DFNB68 S1PR2 S1P-mediated cellular response and calcium signaling assistance
DFNB73 BSND Accessory subunit of chloride channels
DFNB74 MSRB3 Oxidatively damaged protein repairment
DFNB76 SYNE4 Intracellular organelle positioning
DFNB77 LOXHD1 Stereociliary bundle stabilization
DFNB79 TPRN Stereocilia taper composition

DFNB84A PTPRQ Phosphoinositide-mediated cellular regulation
DFNB84B OTOGL Acellular structures production or function
DFNB86 TBC1D24 Proper intracellular vesicle trafficking maintenance
DFNB91 SERPINB6 Cochlear homeostasis preservation
DFNB93 CABP2 Calcium signaling pathway modulation

DFNB101 GRXCR2 Cochlear stereocilia bundle integrity maintenance
DFNB102 EPS8 Stereocilia elongation, EGFR signaling and trafficking
DFNB104 RIPOR2 Circumferential ring near basal tapers of stereocilia
DFNB106 EPS8L2 Actin remodeling in response to EGF stimulation
DFNB111 MPZL2 Homophilic intercellular adhesion promotion
DFNB113 CEACAM16 Connection between stereocilia and Hardesty’s membrane

Table 1. Autosomal recessive NSHL .

to silence or counteract the deleterious effects of GOF and DN 
[26]. Since gene editing enables direct intervention of DNA se-
quences, it holds the potential to address all variant types [41].
Advances in understanding the genetic basis of deafness, 
combined with improved gene delivery systems, have greatly 
propelled these strategies into therapy for congenital hearing 

loss. The first successful hearing recovery in deaf mammals 
was reported in 2005, using adenovirus-mediated delivery of 
the ATOH1 gene into the scala media of guinea pigs [42]. This 
approach induced hair cell regeneration and led to significant, 
sustained hearing recovery, particularly in high-frequency re-
gions, despite some localized hair cell loss at the injection site 

A
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Locus name Gene symbol Role in the inner ear
DFNA1 DIAPH1 Cytoskeletal organization regulation 

DFNA2A KCNQ4 Cellular repolarization
DFNA4A MYH14 Actin-cytoskeleton interactions, cytokinesis, motility and polarity regulation
DFNA4B CEACAM16 Connection between stereocilia and Hardesty’s membrane 
DFNA5 GSDME Pyroptosis assistance

DFNA6/14/38 WFS1 ER calcium channel or ER calcium channel regulator 
DFNA7 LMX1A Neural progenitor specification and dopamine neurogenesis promotion

DFNA8/12 TECTA Tectorial membrane component
DFNA9 COCH Innate immunity

DFNA10 EYA4 Innate immune response cotranscription factor 
DFNA11 MYO7A MET complex component
DFNA13 COL11A2 Tectorial membrane component
DFNA15 POU4F3 Transcription factor related to hair cells maintenance
DFNA17 MYH9 Actin-cytoskeleton interactions, cytokinesis, motility and polarity regulation

DFNA20/26 ACTG1 Structural and functional maintenance of hair cells
DFNA22 MYO6 Intracellular vesicle and organelle transport
DFNA25 SLC17A8 Glutamate synaptic vesicle transport
DFNA28 GRHL2 Epithelial morphogenesis and epidermal development promoter
DFNA36 TMC1 MET complex component
DFNA37 COL11A1 Tectorial membrane component
DFNA41 P2RX2 Temporary threshold shift for cochlea protection 
DFNA50 MIR96  mRNAs translation and stability assistance
DFNA66 CD164 Cell adhesion receptor
DFNA67 OSBPL2 Lipid metabolism (possibly)
DFNA68 HOMER2 Stereociliary scaffolding protein
DFNA82 ATP2B2  Stereociliary calcium remove 
DFNA84 ATP11A Phospholipid transport and uphill ion transport across membranes execution

[42-43]. 
In 2012, VGLUT3 became the first NSHL locus successfully 
treated via gene replacement in mice [44]. Since then, proof-
of-concept studies have been achieved for more hereditary 
hearing loss loci, largely focusing on recessive forms. Among 
the most promising therapeutic targets, such as OTOF, GJB2, 
USH3A, USH1C, and TMC1, the latter is the most extensively 
studied. Since many previous reviews have thoroughly docu-
mented the studies of deafness gene therapy during its first 
decade, we will not elaborate further here [26, 41, 45-47].
Gene replacement is the most widely applied strategy, fre-
quently employing viral vectors, especially adeno-associated 
viruses (AAVs), due to their high transduction efficiency and 
sustained expression. Novel engineered AAV variants, includ-
ing AAV2/Anc80L65 and AAV2/9-PHP.eB, show enhanced 
transduction in cochlear hair cells and are widely used in pre-
clinical studies [48-49].   
Surgical delivery methods have also evolved (Figure 1). Tech-
niques such as round window membrane (RWM) injection, oval 
window delivery, utricle injection, cochleostomy, and canalos-
tomy enable perilymphatic or endolymphatic targeting [26]. 
RWM injection, adapted from clinical cochlear implantation, is 
used in over 60% of successful cases due to its reliability and 
its minimal invasiveness [41]. In the landmark VGLUT3 -/- 
mouse study, RWM delivery achieved 100% treatment efficacy, 
far surpassing cochleostomy [44]; further refinements like 
RWM injection with canal fenestration have improved vector 
distribution and reduced trauma, though their safety and sta-
bility require further validation [50]. 

Table 2. Autosomal dominant NSHL 

Figure 1. Overview of surgical delivery routes to the inner ear. (A) Ana-
tomical locations of round window membrane injection, oval window 
delivery, utricle injection, cochleostomy, and canalostomy. (B) Corre-
sponding drug distributions in perilymphatic and endolymphatic spac-
es of different surgical delivery routes. Created with BioRender.com.

Treatment timing is another crucial factor. While interventions 
in mice have been applied from embryonic stages to adult-
hood, most studies focus on the early postnatal period (P0–
P10). Early intervention (P0–P2) generally yields more robust 
and durable hearing recovery [26, 51-53]. However, the murine 
auditory system at P10 is approximately equivalent to that of a 
human fetus at 20 weeks of gestation [54]. Consequently, the 
optimal therapeutic period identified in mouse models corre-
sponds to the human fetal stage theoretically, which presents 
significant challenges for clinical translation.
Moreover, substantial anatomical and developmental differ-
ences between rodent and human inner ears limit direct clini-

A
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cal extrapolation [54-55]. Non-human primate (NHP) models, 
with cochleae closely resembling those of humans, offer a 
critical translational bridge. Studies in rhesus and cynomolgus 
monkeys have established safe injection volumes (30–90 μL, 
a range relevant for human application) and demonstrated 
feasible AAV transduction via RWM injection, albeit with nota-
ble individual variability and dose dependency [55]. In 2022, a 
refined NHP RWM injection protocol, which incorporated oval 
window venting and transmastoid facial recess exposure, was 
shown to enhance delivery precision and distribution while 
minimizing trauma, offering a more clinically relevant approach 
[56]. 
These cumulative advances set the stage for clinical transla-
tion. A decade after the inception of inner-ear gene therapy, 
the first clinical trial was registered, and its first patient was 
enrolled at the end of 2022.

Preclinical Advances in OTOF Gene Therapy
Biallelic mutations in the OTOF gene cause DFNB9, a recessive 
form of profound prelingual deafness classified as auditory 
neuropathy. The gene encodes otoferlin, a calcium-sensing 
protein localized in inner hair cells (IHCs) that is essential for 
synaptic vesicle exocytosis [29]. While structural integrity of 
the cochlea is preserved in DFNB9, synaptic transmission is 
severely impaired, leading to abnormal auditory brainstem 
responses but preserved otoacoustic emissions. These char-
acteristics, combined with the relatively high prevalence of 
DFNB9, make OTOF an attractive target for gene therapy.
A major challenge in OTOF therapy is the gene’s large coding 
sequence, which exceeds the packaging capacity of a single 
AAV vector. In early 2019, two independent studies demon-
strated that dual-AAV systems could deliver full-length otofer-
lin cDNA into IHCs of OTOF knockout mice [57-58]. 
Currently, dual-AAV gene replacement remains the dominant 
strategy. A team developed a dual AAV-PHP.eB system using 
intein-mediated trans-splicing, identifying an efficient split 
site that enabled stable expression of human OTOF (hOTOF) 
in mice and restored hearing for over 6 months [59]. Another 
team led by Renjie Chai developed a humanized OTOF mouse 
model [60]. Using an Anc80L65 vector with a hair cell–specific 
Myo15 promoter, they achieved full-frequency hearing recovery 
for at least two months in adult mice, with partial restoration 
lasting over 150 days. Safety and efficacy were further con-
firmed in cynomolgus monkeys. 
Beyond auditory brainstem response (ABR) recovery, recent 
work by Benamer et al. demonstrated that dual AAV8-OTOF 
therapy also restored central auditory processing, such as fre-
quency discrimination, in a DFNB9 mouse model, supporting 
the functional relevance of treatment [61]. Separately, Decibel 
Therapeutics (a Regeneron affiliate) characterized the ex-
pression kinetics of their candidate DB-OTO, an AAV1-based 
therapy using a Myo15 promoter to drive hOTOF expression 
[62]. In OTOF-deficient mice, OTOF mRNA and protein emerged 
within days and plateaued by 2–3 weeks, correlating with ro-
bust mid-frequency hearing recovery sustained for at least 3 
months.
Together, these studies underscore the translational progress 
of OTOF gene therapy, establishing dual-AAV delivery as a 
viable strategy and paving the way from preclinical proof-of-
concept toward clinical application.

Clinical Trials of OTOF Gene Therapy 

Following promising preclinical results, a wave of clinical 
trials for OTOF-mediated hearing loss has commenced. To 
date, seven such trials are underway worldwide: four in China 
(ChiCTR2200063181, NCT05901480, ChiCTR2400091517, 
N CT 0 6 7 2 2 1 7 0 )  a n d  t h r e e  i n  t h e  U S A  a n d  E u r o p e 
(NCT05821959, NCT05788536, NCT06370351) (Table 3). 
In early 2024, the Southeast University/Otovia Therapeu-
tics team reported initial results for their dual-vector drug 
OTOV101N+OTOV101C [13]. Following unilateral RWM injec-
tion via a transmastoid facial recess approach, a 5-year-old 
child with a contralateral cochlear implant showed rapid hear-
ing recovery. ABR thresholds returned to normal, and pure-tone 
average (PTA) improved from 70–95 dB HL to 30–35 dB HL 
within one month, reaching near-normal levels across speech 
frequencies by three months. By contrast, an 8-year-old receiv-
ing bilateral injection at a higher dose exhibited more modest 
improvement (PTA 30–50 dB HL at 40 days), suggesting that 
age, dose, and individual factors may influence outcomes.
Two months later, preliminary results from the single-arm RRG-
003 trial were disclosed [12]. Children aged 1–6 years showed 
improved auditory function and speech perception after uni-
lateral injection, with hearing recovery emerging 4–6 weeks 
post-treatment. Average ABR thresholds dropped by 40–57 dB 
across five children. Although one 5-year-old with pre-existing 
AAV neutralizing antibodies showed no benefit, the overall 
safety profile was favorable, with no dose-limiting toxicity or 
serious adverse events over 26 weeks. 
In 2025, the Southeast University/Otovia Therapeutics team 
reported updated results from a multicenter trial involving ten 
DFNB9 patients aged 1.5 to 23.9 years [15]. All participants 
showed hearing improvement over 6–12 months of follow-up, 
with a favorable safety profile. However, efficacy varied with 
age: three children aged 1–2 years responded less robustly 
than those aged 5–8, despite higher systemic AAV exposure. 
Similarly, a 14.5 year old and a 23.9 year old achieved only 30–
45 dB PTA improvement over six months, whereas the best-re-
sponding individual improved by 87 dB. One poorly responding 
patient safely received a second injection in the same ear, 
indicating that redosing may be a viable option. These find-
ings suggest an age-dependent therapeutic window, possibly 
aligned with the period of auditory cortical plasticity. Auditory 
deprivation during this period would perturb neural circuit 
maturation, whereas later intervention may fail to achieve 
satisfactory restoration [26, 63], explaining limited benefits 
in older children. In children aged 1–2 years, elevated serum 
neutralizing antibodies suggest a stronger immune response, 
potentially due to the immature blood-labyrinth barrier. The 
immature synaptic architecture may also inadequately support 
newly expressed otoferlin, resulting in decreased therapeutic 
efficacy. Nevertheless, the postnatal developmental trajectory 
of the human inner ear is not fully mapped [64], rendering such 
explanations hypothetical.
Most recently, Regeneron’s CHORD trial evaluated DB-OTO, a 
dual AAV1-based gene therapy, in twelve profoundly deaf pa-
tients aged 0.9 to 16 years [16]. Participants received DB-OTO 
via RWM injection combined with lateral semicircular canal 
fenestration to facilitate perilymph drainage. By week 24, six 
participants could perceive soft speech and three could hear 
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Regis-
tration 

date
Identifier Drug Serotype dosing strategies 

(per cochlear) Injection route Participant 
age Ref.

Sep 1, 
2022

ChiC-
TR2200063181 RRG-003 AAV1

30/50/70/140/210μl 
dose-escalation groups 

at 2.8×10 11 vg/μl

Transcanal, 
RWM injection, 

OW fenestration

6 Months 
and older

[12, 14, 
65]

Feb 8, 
2023 NCT05821959 AK-OTOF Anc80L65

Volume unkonwn
Low (Up to 4.1×10 11 vg) 

dose group
High (Up to 8.1×10 11 vg) 

dose group

Unknown Any age [66]

Mar 15, 
2023 NCT05788536 DB-OTO AAV1 240μl (7.2×10 12 vg)

Transmastoid facial 
recess, RWM injection, 

lateral semicircular 
canal fenestration

Up to 17 
Years [16, 67]

May 9, 
2023 NCT05901480 OTOV101N

+OTOV101C Anc80L65 30μl (8.4×10 11 vg) to 60μl 
(1.68×10 12 vg)

Transmastoid 
facial recess,

RWM injection

1 Year 
and older

[13, 15, 
68]

Apr 9, 
2024 NCT06370351 SENS-501 Unknown Low/High dose group 

(not disclosed) Unknown
6 Months 

to 
31 Months

[69]

Oct 30, 
2024

ChiC-
TR2400091517 EA0010 Unknown Low/High dose group 

(not disclosed) Unknown 1 Year to 
28 Years [70]

Dec 5, 
2024 NCT06722170 EH002 Unknown

25/50/100/150μl 
dose-escalation groups

(undisclosed concentration)
Unknown 6 Months 

and older [71]

Table 3. OTOF gene therapies in clinical trials. 

whispers. Two 16-year-olds showed partial hearing recovery, 
with PTA thresholds improving to 60–80 dB, consistent with 
earlier observations in adolescents [15]. Transient high-fre-
quency hearing loss occurred in two patients, possibly related 
to injection-associated mechanical stress or perioperative 
infection, underscoring the need for surgical refinement and 
careful postoperative care.
Beyond formally published results, other gene therapies, in-
cluding AK-OTOF and SENS-501, have also been reported to 
improve hearing safely and effectively in preliminary releases. 
Together, these results mark the rapid maturation of OTOF 
gene therapy from concept to clinically meaningful treatment 
for DFNB9 within just a few years.

Conclusions and Prospects

Gene therapy for NSHL is advancing rapidly, with treatment of 
OTOF-related DFNB9 emerging as a prominent focus. The suc-
cessful translation from murine models to human trials marks 
a historic milestone, demonstrating that congenital deafness 
in children can be functionally reversed. This breakthrough 
holds promise for improving life satisfaction and quality of 
life in individuals with DFNB9, while also offering a valuable 
framework for gene therapy targeting other forms of genetic 
deafness.
Nevertheless, several limitations in current findings must be 

addressed to achieve robust clinical translation. Although au-
ditory function assessed via auditory brainstem response, dis-
tortion product otoacoustic emissions, and pure-tone audiom-
etry has been consistently restored in trials, evidence remains 
scarce regarding recovery of higher-order auditory capacities. 
These include speech-in-noise understanding, music percep-
tion, and long-term language development. Furthermore, clin-
ical research on DFNB9 is still in early stages, constrained by 
small patient cohorts and considerable interindividual variabil-
ity, which limit statistical power. Key variables such as vector 
biodistribution, surgical precision, and baseline patient charac-
teristics require further elucidation. A clearer understanding of 
the relationship between these factors and clinical outcomes 
will be essential for predicting therapeutic efficacy. Long-
term safety profile of OTOF gene therapy also requires more 
exploration. Current studies involve only two patients with a 
one-year follow-up, which is inadequate to evaluate long-time 
risks. Therefore, larger clinical trials with extended follow-up 
are necessary to assess the stability of transgene expression, 
the durability of therapeutic benefits, and the potential immune 
risks associated with redosing or AAV diffusion. Finally, com-
parative evaluation of gene therapy versus cochlear implants 
awaits additional data from ongoing trials.
Despite the encouraging efficacy of OTOF-directed therapy, 
its overall impact may be constrained by the relatively small 
proportion of OTOF mutations among all hereditary hearing 
loss cases. Expanding the reach of deafness gene therapy will 
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require extending research to more prevalent and genetically 
diverse forms of hearing loss, which in turn demands deeper 
mechanistic insights into underlying pathologies and inner ear 
physiology. Beyond biomedical challenges, social and ethical 
considerations, such as pediatric trial ethics, treatment afford-
ability, and standardized diagnostic and management path-
ways, must also be critically addressed.
As OTOF gene therapy trials continue, effective collaboration 
among academic, governmental, and commercial partners will 
be vital to navigate these multifaceted challenges. Success 
in this endeavor promises to redefine the standard of care for 
genetic deafness, ushering in a new era of precision gene ther-
apy for hereditary hearing loss.
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Abstract

Objective: To evaluate whether early cochlear implant (CI) use can significantly and positively change hearing and speech abilities during a child’s 
development.
Methods: The present study included 42 children with bilateral CIs (8–36 months) and 40 age-matched children with normal hearing (NH) (6–48 
months). Ages & Stages Questionnaires, Third Edition (ASQ-3); Categories of Auditory Performance (CAP);  Speech Intelligibility Rate (SIR) were 
used.
Results: Twelve months after receiving bilateral CIs, the hearing status of the infants (1–12 months) and toddlers (13–36 months) had improved 
significantly. Infants using CIs were comparable to those with NH in all ASQ-3 aspects (p > 0.05). For toddlers, there was a post-implantation 
improvement in the gross motor, problem solving, and personal social domains (p > 0.05). However, there were still gaps in the communication 
domain (p < 0.001). Multivariate analysis revealed that pre-implantation hearing aid usage duration, schooling, SIR score, communication, and 
caregiver education level significantly influenced post implantation outcomes. 
Conclusions: With CI use, infants and toddlers with congenital sensorineural hearing loss showed improvements in auditory perception, speech 
production, and developmental abilities. Infant implant recipients performed better in all areas of development than toddlers, comparable to with 
NH children. Hearing aid use, language rehabilitation training, caregivers’ education level, and communication method were all highly correlated 
with the overall development of the children. 
Keywords: Cochlear implants; Development; Auditory; Speech
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Introduction

Hearing loss is a growing global health challenge affecting in-
dividuals across the lifespan. Recent data from the Global Bur-
den of Disease Study highlights the increasing prevalence of 
hearing loss, emphasizing the need for early intervention strat-
egies [1-3]. Hearing allows children to sense the world around 
them, communicate with others, acquire knowledge, and 
integrate into society. Auditory deprivation from birth notably 
hampers a child’s development. Fortunately, cochlear implant 
(CI) use can reduce the consequences of auditory deprivation, 
showing how far biomedical science has progressed.
Cochlear implantation has proved to be a safe and effective 
treatment for children with severe-to-profound sensorineural 
hearing loss. CI use can help restore auditory and speech 
functions to varying degrees [4]. The timing of implantation 
is critical. Multiple lines of evidence suggest that infants who 

undergo implantation before 12 months exhibit better auditory 
performance and speech outcomes than children implanted 
after 12 months [5-7]. It is highly probable that the reason for 
this is the time sensitive window during which the auditory 
cortex matures, a period when the central auditory pathways 
exhibit maximum plasticity [8-10]. This window spans a child’s 
first 48 months of life. 
Monitoring the effects of CI use mainly focuses on tangible 
aspects of hearing and speech capabilities. However, cognitive 
development dimensions that are less directly associated with 
hearing are yet to be investigated [11]. The child’s overall devel-
opmental status is a potential predictor of cognitive function 
after receiving a CI [34]. Monitoring cognitive development di-
mensions should be valued with equal, if not more, importance 
to traditional measures. The rationale lies in the fact that brain 
development happens in a systematic manner [12]. Hearing 
loss can have knock on effects on other functions, including 
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higher-order neurocognitive tasks [13]. It has been found that 
early deafness will hamper a child’s overall development, 
including cognitive, motor, and social domains [14-18]. This 
has also been acknowledged by national guidelines for early 
screening; children’s hearing problems should be addressed 
as early as possible to prevent possible developmental delays, 
allowing them to reach their full potential [19-22]. 
The present study aims to find out whether early implantation 
can significantly improve a child’s overall development, as well 
as hearing and speech abilities.

Materials and Methods

Participants
The present retrospective study focused on infants (aged 1–12 
months) and toddlers (aged 13–36 months) who had received 
bilateral CIs at the ENT department of the Second Affiliated 
Hospital of Anhui Medical University between 2019 and 2021. 
All the CI recipients were born with severe to profound hearing 
loss, while the control group consisted of children with normal 
hearing.
Data from the CI recipients were primarily collected in offline 
forms. The data included details such as age, gender, inner ear 
anomalies, cerebral lesions, hearing aid use, caregiver’s edu-
cation level, post-implantation communication mode (Commu-
nication modes were categorized into oral and multiple types. 
The 'multiple communication type' was defined as the simul-
taneous use of speech and sign language or a combination of 
oral communication with gestures.), and aural rehabilitation 
(Table 1). Consent was received from all the participants’ par-
ents prior to filling out the questionnaire, as well as basic infor-
mation for the NH children. On top of this, the study protocol 
was reviewed and approved by our hospital’s ethics commit-
tee.
From the preoperative brain magnetic resonance imaging (MRI) 
and high-resolution computed tomography (HRCT), the inner 
ear anomalies included enlarged vestibular aqueduct (n=5), 
incomplete partition II (n = 7), internal auditory canal stenosis 
(n = 4), and focal parenchymal lesion (n = 4). Some cases in-
cluded more than one inner ear anomaly. It was noted that all 
the children had no congenital diseases except hearing loss 
before surgery. All the patients had the same doctor perform-
ing the surgery and an artificial cochlea of the same brand. 
The system was activated normally one month after surgery. 
The data were recorded 1 day before and 12 months after the 
surgery. 
The control group included 40 children distributed across the 
age spectrum to match the CI cohort. Gender distribution in 
the NH group (21 boys and 19 girls) was not significantly dif-
ferent from the CI group (p > 0.05). Specifically, this included 
11 children aged under 12 months, 11 children aged 13–24 
months, 6 children aged 25–36 months and 12 children aged 
36–48 months. Their ASQ-3 scores were within the normal 
range.
A total of 42 children with bilateral CIs and 40 children with 
normal hearing were initially screened. The detailed inclusion 
and exclusion process, as well as the final cohort composition, 
is illustrated in the study flowchart (Figure 1).

Table 1. Demographic characteristics of CI recipients.

Figure 1. This flowchart illustrates the screening and enrollment pro-
cess for children in the study. The pathway details the inclusion of 
children with congenital severe-to-profound sensorineural hearing loss 
(CI group, n = 42), stratified by age at implantation (≤12 months and 
>12 months). The right pathway shows the enrollment of age-matched 
children with normal hearing (NH group, n = 40). Excluded participants 
and reasons are specified. All CI recipients underwent a 12-month 
post-implantation assessment using the ASQ-3, and their outcomes 
were compared with those of the NH group. Key influencing factors 
analyzed included pre-implantation hearing aid use, communication 
mode, schooling status, aural rehabilitation, caregiver education level, 
CAP, and SIR scores.

A

A

Characteristic Category

CI recipi-
ents
(≤ 12 

months)

CI recipi-
ents

(12-36 
months)

Age (months) Mean ± SD 9.37±1.51 26.22±5.56

Sex
Female 6 13

Male 13 10
Inner ear 

anomalies
None 12 12

Anomalies 7 11

Cerebral lesions
None 18 23

Anomalies 1 0

Hearing aids
Yes 11 10
No 8 13

Caregiver’s edu-
cation level

None 1 0
primary school 1 3

Junior high school 8 8
Senior high school 5 2
University degree 4 10

Oral 19 21
Sign language + 

Oral 0 2

Aural 
rehabilitation

No 3 0
Yes 16 23

Schooling status

No school 9 0
Kindergarten 10 9
Rehabilitation 

school 0 14
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Evaluation 
1) Auditory and speech evaluation
 Categories of Auditory performance (CAP) is a scale used to 
assess the post-implantation auditory perception abilities of 
children who have received CIs. CAP provides 8 categories to 
rate hearing abilities, in order of increasing ability (Table S1) 
[23-24].
The Speech Intelligibility Rating (SIR) scale is used to assess 
the speech intelligibility of children who have received CIs. It 
provides 5 categories for evaluating spontaneous speech (Ta-
ble S2) [25].

2) Development evaluation
The Ages & Stages Questionnaires, Third Version (ASQ-3) is 
an instrument completed by parents/caregivers to identify 
developmental delays in children aged 2–66 months [26]. It 
consists of 21 questionnaires for different age ranges. Each 
questionnaire consists of 30 items divided into 5 dimensions: 
1) communication, 2) gross motor, 3) fine motor, 4) problem 
solving, and 5) personal-social.
The ASQ-3 has been translated into several languages, includ-
ing Chinese [24]. It has excellent psychometric properties, with 
a test–retest reliability of 92%, a sensitivity of 87.4%, and a 
specificity of 95.7%, which has been tested worldwide [27-30]. 
The ASQ-3’s easy-to-understand questions are filled out by the 
primary caregiver, such as the parent. Based on each section’s 
score, the assessor determines whether the child’s develop-
ment is consistent with their age level, effectively identifying 
possible developmental delays.

Statistical Analysis
SPSS software version 26.0 was used for the data analysis. 
First, descriptive statistics were used to summarize the vari-
ables and calculate the frequencies and percentages of nu-
meric variables. The Shapiro–Wilk test was used to verify the 
normality of numeric variables (p < 0.05). Due to the non-nor-
mal distribution of the data, the Wilcoxon signed-rank test was 
subsequently used to compare pre- and post-surgery paired 
scores. The Mann–Whitney U test was then used to compare 
overall differences between children with CIs and NH children. 
Additionally, multivariate linear regression analysis was used 
to explore the combined effects of multiple independent vari-
ables on the baseline scores across the 5 ASQ-3 subscales 
before the surgery. Generalized linear regression analysis was 
also used to identify the factors influencing the post-implanta-
tion improvement in the five ASQ-3 subscales. All significance 
tests were set at a 95% confidence interval and a significance 
level of 0.05.

Results

pre- and post-implantation comparison among children with 
CIs 
Table 2 shows the Wilcoxon signed-rank test results for 
the ASQ-3, CAP, and SIR for CI children pre- and 12 months 
post-implantation. The results indicated significant improve-
ment after CI use in the communication (p < 0.01), gross mo-
tor, problem solving (p < 0.01), and personal-social domains, 
as well as CAP (p < 0.01) and SIR (p < 0.01) scores. However, 
the fine motor domain did not show a significant improvement. 

Instrument Domain / Sub-
scale z-value p-value

ASQ-3

Communication 3.83237 <.001
Gross motor −2.78832 0.006
Fine motor −1.45668 0.981

problem-solving 3.82612 <.001
personal-social 1.42542 0.035

CAP - 52.04805 <.001
SIR - 52.04805 <.001

Table 2. Wilcoxon signed-rank test results comparing pre- and post-im-
plantation ASQ-3, CAP, and SIR scores for children with CIs.

CI use proved to have a significant positive effect on overall 
development level, auditory performance, and speech intelligi-
bility.

Children with CIs and NH children, pre- and 12 months post 
implantation
Figure 2 and Table 3 show the significant differences in ASQ-3 
scores between children with CIs and NH children pre- and 12 
months post-implantation. The performance of children with 
CIs was below that of NH children. Before surgery, all ASQ 3 
domains except for fine motor had significant differences (p 
< 0.01). After surgery, there was a noticeable improvement in 
the gross motor, fine motor, and personal social domains, and 
the mean gap had narrowed in others, indicating the positive 
impact of CI use.

Figure 2. Comparison of developmental outcomes before and after 
cochlear implantation. a (Left panel): Bar graph comparing ASQ-3 do-
main scores (communication, gross motor, fine motor, problem-solv-
ing, personal-social) in children with CIs before (CI Pre) and 12 months 
after (CI Post) implantation. Error bars represent standard deviations. 
Asterisks denote statistically significant improvements post-implanta-
tion (**p < 0.01, *p < 0.05). b (Right panel): Bar graph comparing ASQ-
3 domain scores between children with CIs 12 months post-implanta-
tion (CI Post) and age-matched children with normal hearing (NH). The 
dashed line represents the NH group's mean score level for reference. 
Gaps, particularly in the communication domain, are evident between 
the CI Post and NH groups.

Children with CIs and NH children aged ≤ 12 months and ≥ 12 
months pre- and 12 months post-implantation
Figure 3 and Table S3 show the Mann–Whitney U test results 
for the ASQ 3 scores of the 19 children with CIs and the 11 
NH children aged ≤ 12 months. Before implantation, there was 
no significant difference between the two groups’ fine motor 
domains, but the other domains were significantly different (p 
< 0.05). The scores of the children with CIs were comparable 
to those of the 11 NH children at the same follow-up age in all 
domains 24 months post-implantation (p > 0.05).
Figure 3 and Table S3 also show the Mann–Whitney U test 
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ASQ-3 domain Time point CI recipients 
(n = 42) NH (n = 40) p-value

Communication
Pre-implantation 15.36± 2.61 57.5 ± 0.54 <0.001

Post-implantation 47.26 ± 2.91 57.5 ± 0.54 0.004

Gross motor
Pre-implantation 46.79 ± 2.48 55.75 ± 0.68 0.011

Post-implantation 52.26 ± 1.84 55.75 ± 0.68 0.788

Fine motor
Pre-implantation 43.57 ± 2.62 51.75 ± 0.89 0.174

Post-implantation 44.64 ± 2.60 51.75 ± 0.89 0.339

Problem-solving
Pre-implantation 36.67 ± 2.50 54.88 ± 0.79 <0.001

Post-implantation 48.10 ± 2.20 54.88 ± 0.79 0.085

Personal-social
Pre-implantation 45.12 ± 1.83 53.00 ± 0.96 0.004

Post-implantation 50.83 ± 1.46 53.00 ± 0.96 0.519

Table 3. Mann–Whitney U test results comparing pre- and post-implantation ASQ-3 scores between 
children with CIs and NH children.

results for children ≥ 12 months. Before implantation, compari-
sons between children with deafness and NH children showed 
statistically significant differences in the communication (p < 
0.01) and problem solving (p < 0.01) domains. When compar-
ing children with CIs aged ≥ 12 months with NH children aged 
24–48 months, there was an improvement in the gross motor, 
problem solving, and personal social domains 12 months post 
implantation (p > 0.05). However, there were still gaps in the 
communication domain (p < 0.01). The general positive effects 
of CI use were better in children ≤ 12 months than in children 
≥ 12 months. This implies that the timing of surgical interven-
tion is critical. In terms of the communication, fine motor, and 
personal-social domains, the scores decreased with age. The 
data demonstrate that the positive effects of CI use decrease 
as the recipient’s age at implantation increases.

Influencing factors
Figure 4 shows the generalized linear regression analysis re-
sults examining the factors influencing the post-implantation 
improvement in the 5 ASQ-3 domains in children with CIs. The 
predictors analyzed consist of CAP, SIR, hearing aid, commu-
nication type, schooling, aural rehabilitation, and caregivers’ 
education level and individual difference.
Caregivers’ education level significantly negatively affected 
post-implantation communication improvement, indicating 
that higher caregiver education levels were associated with 
smaller communication improvements.
Pre-implantation hearing aid usage time and schooling status 
(p < .001) significantly influenced post-implantation fine motor 
improvement. Longer hearing aid usage was associated with 
greater improvement in the fine motor domain. Children with-
out schooling showed larger improvements in the fine motor 
domain. The subject also significantly affected the results, 
highlighting variability in post-implantation improvements 
among children. Multiple communication types had a signif-
icant negative impact on post implantation personal-social 
improvement, suggesting that certain communication modes 
(e.g., non-verbal communication) may hinder the development 
of social skills. Lower SIR scores also negatively affected so-
cial improvement, indicating that children with poorer speech 
understanding showed smaller gains in social abilities. The 
detailed results can be found in Table S4.

Figure 3. Developmental outcomes stratified by age at implantation. 
a (Upper panel): Comparison of ASQ-3 scores between infants who re-
ceived CIs at ≤ 12 months of age (CI Infants) and age-matched infants 
with normal hearing (NH Infants) at the 12-month follow-up. Infants 
with CIs achieved scores comparable to their NH peers across all de-
velopmental domains. b (Lower panel): Comparison of ASQ-3 scores 
between toddlers who received CIs at > 12 months of age (CI Tod-
dlers) and age-matched toddlers with normal hearing (NH Toddlers). 
While improvements were observed in gross motor, problem-solving, 
and personal-social domains, a significant gap remained in the com-
munication domain for the CI Toddlers group.

Discussion

With the development of science and technology, biomedical 
technology has made great progress. This includes cochlear, 
vestibular, and retinal implants, among which cochlear implan-
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Figure 4. Factors influencing post-implantation developmental improvement. Results of the generalized linear regression analysis identifying 
predictors of improvement in the five ASQ-3 domains 12 months after cochlear implantation. The forest plot displays estimated coefficients (β) 
with 95% confidence intervals for each factor: pre-implantation hearing aid use duration, communication mode (oral vs. mixed), schooling status, 
aural rehabilitation attendance, caregiver education level, Categories of Auditory Performance (CAP) score, and Speech Intelligibility Rating (SIR) 
score. Factors with confidence intervals not crossing the zero line (vertical dashed line) are considered statistically significant predictors (p < 0.05).

tation enjoys great success [17]. Because the human cochlea 
begins to function between 24 and 36 weeks of gestational 
age, the effects on hearing may begin during intrauterine life 
[31], which is earlier than previously thought. Also, early deaf-
ness is often considered a connectome disease that affects 
the central nervous system [17], blocking the transmission of 
information from peripheral hearing to higher auditory centers, 
and affecting the interconnections between the centers and 
multiple cortical areas. Therefore, due to the influence of multi-
ple factors, children will not only show different improvements 
in hearing and speech after CI use but may also have differ-
ences in development.
Our study showed that CI use led to improvements in auditory 
and speech intelligibility abilities in children with severe-to-pro-
found deafness 12 months post-implantation. The use of CAP 
and SIR helped us to quickly assess each child’s condition, 
offering the advantage of early detection and intervention for 
children of all ages. All children underwent bilateral cochlear 
implantation, which was consistent with previous evidence [33] 
that early bilateral cochlear implantation can significantly im-
prove children’s auditory and speech intelligibility prognoses.
As more and more children are implanted bilaterally, the 
post-implantation areas of focus have become more compre-
hensive. Previous research has found that a child’s overall de-
velopment status is a potential predictor of cognitive function 
after CI use [34]. However, it is difficult to assess the cognitive 
function of infants and toddlers directly, particularly when 
they have profound sensorineural hearing loss. This is due to 
them being unable to conduct the tests themselves and com-
municate effectively. Therefore, assessing the child’s overall 
development status can help us solve this problem and figure 

out the child’s cognitive status. Depending on the purpose of 
the test, the scales can be divided into diagnostic scales and 
screening scales. Although diagnostic scales are relatively ac-
curate, they are complex and time-consuming, (e.g., the Gesell 
Developmental Diagnosis Scale [35] and the Bayley Scales for 
Infant Development, Third Edition [36]). The screening scales 
are simple to operate and have low medical costs, making 
them more suitable for regular screening and monitoring for 
early detection, early diagnosis, and early intervention, (e.g., 
the Denver Developmental Screening Test [37] and the ASQ-3 
[26]).
The ASQ-3 can help to find out whether children aged 2–66 
months have developmental delays [26]. It is one of the most 
widely used screening assessments of early childhood. Previ-
ous data from animal models and children with deafness have 
shown that there is a sensitive period for the maturation of the 
auditory cortex in the first 48 months of life [38]. CI use can 
alleviate auditory system deficits and promote cortical matu-
ration in children with deafness [39]. Restoring hearing during 
this period can both stimulate the development of cortical 
function to a great extent and provide conditions in which audi-
tory speech abilities and overall development can improve. The 
ASQ-3’s target age group roughly coincides with the cortex’s 
sensitive period, which covers the years from infancy to tod-
dlerhood. The ASQ-3 can evaluate infants’ and toddlers’ overall 
developmental levels to timely discover low-level development 
situations, carry out appropriate interventions, reduce the risks 
of such diseases, and improve the population’s quality of life.
Current literature shows that children with CIs experience 
difficulties with fine and gross motor skills, social interaction, 
and cognitive abilities [40]. Conversely, our study demonstrat-
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ed that CI use led to children making significant progress in 
the communication, gross motor, problem solving, and per-
sonal-social domains. However, a notable exception was ob-
served in the fine motor domain, where no significant 'catch-
up' occurred relative to NH peers. This specific lag warrants 
explanation beyond general developmental delay and is likely 
attributable to complex physiological constraints. Recent evi-
dence suggests that fine motor deficits in this population are 
closely linked to vestibular dysfunction, which is highly preva-
lent (up to 60%) in children with sensorineural hearing loss [41]. 
The vestibular system is critical not merely for balance, but for 
maintaining the proximal stability and postural tone required 
for precise distal movements; thus, compromised vestibular 
input can impede the maturation of fine finger dexterity even 
after auditory restoration [42]. Except for the fine motor do-
main, children with hearing loss fall behind NH children in all 
other domains. Auditory deprivation in infants leads to a signif-
icant decline in fine motor function as they age [43]. Our find-
ings suggest that CI use alleviates this downward trend: just 
12 months after cochlear implantation, children with deafness 
showed significant improvements in gross and fine motor, 
problem solving, and personal-social domains, and the com-
munication gap between children with CIs and NH children 
also narrowed. 
Research related to the development of children with congen-
ital deafness shows that infants who received CIs before 12 
months developed better in terms of hearing and speech than 
those implanted after, and even reached the standards of NH 
children [6, 44-45]. At the same time, no significant age-related 
surgical complications have been reported [7, 46]. Therefore, 
we divided the children into two age groups: infants ≤ 12 
months and toddlers ≥ 12 months. We found that, with bilat-
eral CI use, infants with hearing loss achieve almost the same 
development level as NH children. However, toddlers still had 
communication gaps. These results indicate that CI use could 
help children with hearing loss develop, but this effect may de-
cline with age. Multiple research reports showed that cochlear 
implantation at ≤ 12 months of age had significant advantages 
in long-term post implantation language skills and cognitive 
development outcomes [47-48]. Therefore, to allow children 
with deafness to develop at a better rate, we recommend that 
bilateral CI surgery should be performed before 12 months, if 
possible.
The present study found that higher levels of caregiver ed-
ucation are associated with poorer post-implantation com-
munication skills in children with deafness. Previous studies 
have shown that parents’ high level of education can improve 
children’s developmental delays [49-50], which contradicts 
our research. We theorize that this may be due to caregivers 
with higher education levels having elevated expectations 
for the communication skills of their children with deafness, 
leading to a decrease in scores and thus affecting the ASQ-
3 score. Gross motor skills involve the use of large muscle 
groups, while fine motor skills involve the use of smaller mus-
cles / muscle groups. Together, they constitute components 
of human behavior with practical significance for day-to-day 
functioning [51]. Our research found a significant negative cor-
relation between the educational level of caregivers and gross 
motor skills in children with deafness. We theorize that this 
may be because of the small sample size, which may not com-
pletely represent the entire population. 

The present study found that wearing hearing aids pre-implan-
tation has a significant positive effect on the post-implantation 
fine motor skills of children with deafness. This is consistent 
with several studies [52-54]. Other studies have also shown 
that exercise and language development are closely related 
[55-56]. Early adoption of hearing aids exposes children with 
deafness to verbal language at an earlier age, enabling them 
to adapt more quickly after implantation. This is undoubtedly 
beneficial for the development of motor skills in children with 
deafness. Additionally, there is also a significant correlation 
between postoperative school attendance and individual dif-
ferences in fine motor skills. We found that personal-social 
skills correlate significantly with speech intelligibility and com-
munication type. According to current literature, the communi-
cation style and clarity of speech of CI users affect how others 
understand them, which in turn affects their social functioning 
[57]. Using SIR to evaluate the intelligibility of children with 
deafness can help predict their social skills and thus plan cor-
responding intervention strategies. 
Additionally, compared to sign language, verbal communi-
cation is more conducive to the social skills of children with 
deafness. This also indirectly is confirmed by the reciprocal 
relationship between communication and overall development, 
which gives us great confidence that, with CI use, infants with 
prelingual deafness could reach outcomes comparable to NH 
children in the future. Moving forward, children who receive 
CIs early in life should be managed in a more holistic manner 
to improve language skills and overall development. It seems 
more important than ever to individually tailor interventions to 
each child, to help them reach their full potential.
Clinically, integrating ASQ-3 into routine post-implantation as-
sessments can facilitate early identification of developmental 
delays, enabling such tailored interventions. To maximize ef-
fectiveness in the rehabilitation plan, priority should be given 
to wearing hearing aids before surgery, maintaining good com-
munication, and providing high-quality rehabilitation training 
(e.g., rehabilitation schools).
Despite the results mentioned above, several limitations 
should be mentioned. Our study was retrospective in design, 
which limited the availability of participants’ information. 
Furthermore, the sample size was relatively small and the 
follow-up time relatively short, which may have limited the ro-
bustness of our analysis. However, data collection is still ongo-
ing, and future analyses will benefit from an increased sample 
size.

Conclusion

Early cochlear implantation (≤ 12 months) significantly en-
hances auditory, speech, and developmental outcomes in chil-
dren with congenital sensorineural hearing loss, enabling them 
to match NH peers in developmental milestones. Hearing aid 
use, language rehabilitation training, caregivers’ education 
levels, and communication method are all highly correlated 
with a child’s overall development. Therefore, a comprehen-
sive evaluation of a child’s overall development level using 
the ASQ-3 could be useful to improve the post-implantation 
outcomes. These findings advocate for bilateral implantation, 
coupled with holistic, family-centered support, to optimize 
developmental trajectories in children aged ≤ 12 months with 
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severe-to-profound sensorineural hearing loss.
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Abstract

Background: Clear cell renal cell carcinoma (ccRCC) is a prevalent malignant tumor within the urinary system, characterized by a high metastatic 
potential. However, instances of ccRCC metastasizing to the head and neck are exceedingly rare. 
Case presentation: This article presents two patients who were admitted to the Department of Otorhinolaryngology Head and Neck Surgery. Case 
1: A 61-year-old East Asian male patient presented with a painless, progressive enlargement of the left neck.  Imaging revealed a 3.6 × 2.3 cm en-
hancing solid lesion with cystic components in the deep lobe. After surgical resection, histopathology with immunohistochemistry (CD10+ , vi-
mentin+ ) suggested metastatic clear cell carcinoma of renal origin. Subsequent Positron Emission Tomography-Computed Tomography (PET 
CT) confirmed a left renal mass (11.4 × 10.1 cm, SUVmax 5.86) with ipsilateral lung nodules, establishing the diagnosis of ccRCC with parotid 
and pulmonary metastases. Case 2: Another 69-year-old East Asian male patient presented to the hospital with a complaint of foreign body sen-
sation in the pharynx. This individual had previously undergone laparoscopic left nephrectomy for left renal cell carcinoma 14 years prior. Subse-
quent electronic laryngoscopy identified a new growth on the right side of the pharyngeal wall, leading to laryngoscopic resection of the lesion. 
Postoperative pathology indicated metastatic clear cell carcinoma originating from the renal site. 
Conclusion: Both cases involved metastatic lesions of ccRCC in the head and neck region, underscoring the critical importance of promptly 
conducting PET-CT scans and relevant pathological assessments when encountering head and neck masses with unidentified primary origins to 
ascertain whether they represent metastatic clear cell renal cell carcinoma(mCCRCC). The vague initial clinical manifestations of mCCRCC pose 
significant obstacles to its early clinical detection, necessitating multidisciplinary consultations, prolonged patient monitoring, and the adminis-
tration of postoperative radiotherapy, chemotherapy, immunotherapy, and other interventions to enhance patient survival rates.
Keywords: clear cell renal cell carcinoma; head and neck metastasis; parotid; oropharyngeal mass 
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Introduction

Renal cell carcinoma (RCC) is one of the most lethal malig-
nancies in the urinary system and exhibiting a propensity for 
head and neck metastasis following breast and lung cancers 
[1]. Clear cell renal cell carcinoma (ccRCC), chromophobe re-
nal cell carcinoma (chRCC), and papillary renal cell carcinoma 
(pRCC) are distinct subtypes of RCC. Among these subtypes, 
ccRCC is the predominant histological subtype, accounting for 
approximately 75% of all RCC diagnoses, known for its aggres-
sive nature, high metastatic potential, and elevated recurrence 
rates [2]. Studies indicate that 30% of patients have metasta-
ses at diagnosis [3],  and another 25–40% will develop meta-
chronous metastases after nephrectomy [4].The most frequent 
sites of metastasis in RCC include the lungs (76%), bones 

(42%), and liver (41%). In contrast, metastasis to the head and 
neck is exceedingly rare, affecting regions such as cervical 
lymph nodes (48%), paranasal sinuses (34%), thyroid (14%), 
skull (10%), parotid glands (5%), tongue (5%), and facial skin 
(5%) [5]. In a large series of 671 RCC patients, only one case of 
parotid metastasis was documented [6]. This article presents 
two cases of ccRCC metastasizing to the head and neck, while 
also examining their clinical features and treatment strategies.
Herein we describe two unusual presentations of ccRCC ini-
tially manifesting as head and neck masses: one in the deep 
lobe of the parotid gland and one in the lateral oropharyngeal 
wall 14 years after nephrectomy. These cases highlight the 
diagnostic challenges and underscore the importance of a 
thorough metastatic work up and long term surveillance.
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Case presentation

Case 1: A 61-year-old East Asian male patient was admitted 
to the hospital following the discovery of a painless mass in 
the left parotid gland three weeks prior. He reported no dis-
comfort, including pain, fever, weight loss, or facial paralysis. 
The patient has a 20-year history of hypertension, which is 
well-managed with regular treatment and effective blood pres-
sure control. There is no family history of hereditary diseases. 
A specialized examination revealed a hard, painless mass ap-
proximately 4 cm in diameter in the left parotid gland region, 
characterized by well-defined boundaries and normal mobility. 
The bilateral neck appeared asymmetrical, with no palpable 
enlarged lymph nodes. There were no signs of inflammation or 
local infection on the skin, facial nerve function was intact, and 
the examination of the remaining cranial nerves showed no 
significant abnormalities.
To clarify the diagnosis, comprehensive laboratory and im-
aging examinations were conducted. Initial laboratory tests 
showed no significant abnormalities, including complete blood 
count, renal function tests, liver function tests, electrolyte lev-
els, coagulation, and infectious disease screening. Ultrasound 
of the salivary glands and cervical lymph nodes detected a 
cystic and solid mass in the upper region of the left parotid 
gland measuring 3.2 × 2.8cm, with a clear boundary and reg-
ular shape. The solid component exhibited rich vascular dis-
tribution, indicating a potential mixed tumor (Figure 1). Plain 
scan and enhanced computed tomography (CT) of the soft 
tissue in the neck revealed a clearly demarcated lesion in the 
left parotid gland region, measuring approximately 3.6 × 2.3 
cm, exhibiting significantly uneven enhancement. Within this 
lesion, multiple non-enhanced cystic cavities were identified, 
and a "marginal vascular sign" was noted surrounding the le-
sion. The enhancement degree diminished during the venous 
phase, demonstrating a "fast-in and fast-out" enhancement 
pattern. The soft tissue structures of both sides of the neck 
appeared symmetrical, with no evident abnormalities in size, 
shape, or density. Additionally, no conspicuous enlarged lymph 
node shadows were detected in either side of the neck, rais-
ing the possibility of adenolymphoma (Figure 2). Fine needle 
aspiration cytology (FNAC) was considered but not performed 
because the lesion was deeply situated and highly vascular 
(Grade 3 flow), raising concerns for both hemorrhage risk and 
sampling inadequacy. Furthermore, while the encapsulated 
appearance reduced the likelihood of tumor seeding, the po-
tential for dissemination if malignant could not be completely 
ruled out. Therefore, after discussion with the patient who 
preferred definitive surgical management, direct excision with 
intraoperative frozen section was undertaken.
Differential diagnosis before surgery: Warthin tumour, pleo-
morphic adenoma, salivary duct carcinoma, and metastasis 
(especially in view of the hypervascular features). Because of 
the absence of known primary cancer, metastatic disease was 
considered less likely but not excluded. The patient underwent 
the necessary preoperative examinations and subsequently 
had surgery under general intravenous combined anesthesia 
on December 18, 2024. During the procedure, the tumor was 
identified in the deep lobe of the left parotid gland. It was solid, 
encapsulated, and measured approximately 4.0 × 4.0 × 3.0cm, 
with indistinct margins from the surrounding tissues, a brittle 

texture, and a tendency to bleed. The left common trunk of the 
facial nerve was dissected under facial nerve monitoring. After 
ensuring the protection of each branch of the facial nerve, the 
deep lobe mass of the parotid gland was excised. Intraopera-
tive frozen section analysis suggested a low-grade malignant 
salivary gland tumor, prompting the resection of the surround-
ing glandular tissue.

Figure 1. Ultrasound: Left parotid 3.2×2.8 cm cystic-solid mass with 
thick walls, internal septations, and rich vascularity (Color Doppler 
Grade 3). Scale bar = 1 cm. Arrow indicates mass.

Figure 2. CT neck with contrast: Axial arterial phase showing 3.6×2.3 
cm heterogeneously enhancing left deep parotid mass with "fast-in 
fast-out" pattern and peripheral vascular rim (arrow).

Postoperative histopathological examination, complemented 
by immunohistochemical (IHC) phenotyping, revealed tumor 
cells organized into nest-like clusters characterized by mod-
erate cell size, clear cytoplasm, and marked hemorrhage. 
IHC analysis demonstrated strong positivity for PAX8, CD10, 
vimentin, and carbonic anhydrase IX (CAIX), while the tumor 
cells were negative for CK7, p63, p40, S100, SOX10, and GATA. 
The Ki-67 proliferation index was 10% (Figure 3 and Figure 4). 
A consultation with the urology department recommended 
a comprehensive PET-CT examination.  Postoperative PET-
CT revealed a left renal mass measuring 11.4 × 10.1 cm with 
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heterogeneous enhancement and increased FDG uptake (SU-
Vmax 5.86), demonstrating perinephric fat invasion consistent 
with T3a disease. Metastatic involvement was identified in the 
left parotid surgical bed (SUVmax 7.39) and bilaterally in the 
lungs, with the largest nodule located in the posterior basal 
segment of the left lower lobe measuring approximately 1.2 
cm (SUVmax 2.18). No bone metastases were detected, and 
brain imaging was not performed as the patient remained 
asymptomatic. Integrating the imaging findings, histopatho-
logical analysis, and the patient's medical history, a differential 
diagnosis was made for various benign and malignant parotid 
gland masses. Ultimately, the patient was diagnosed with 
mCCRCC to the parotid gland. Following the diagnosis, the 
patient was referred to urology and medical oncology for mul-
tidisciplinary management. After multidisciplinary team (MDT) 
discussion, a decision was made to initiate first-line systemic 
therapy with pembrolizumab plus axitinib, with consideration 
of cytoreductive nephrectomy after three cycles if a favorable 
response was achieved. Systemic therapy commenced with 
pembrolizumab 200 mg intravenously every three weeks and 
axitinib 5 mg orally twice daily; the axitinib dose was subse-
quently reduced to 3 mg twice daily after two weeks due to the 
development of grade 2 hypertension. The first restaging CT 
scan, performed approximately 8 weeks after treatment initia-
tion and evaluated per RECIST 1.1 criteria, demonstrated a par-
tial response (PR) in the primary renal mass, which measured 
8.3 × 7.4 cm, representing a 27% reduction from baseline. The 
bilateral pulmonary nodules remained stable as non-target 
lesions, and the parotid surgical bed showed no evidence of 
local recurrence. The patient's renal function remained stable, 
with an eGFR of 45 mL/min/1.73 m². The patient is currently 
alive with disease 10 months after initial presentation, experi-
encing continuous symptomatic relief, and remains on ongo-
ing systemic therapy with regular imaging surveillance. TNM 
staging (AJCC 8th edition): cT3aN0M1 (lung, parotid).
Case 2: A 69-year-old East Asian man was hospitalized for a 
one-week history of a foreign body sensation in the throat. He 
denied experiencing dry, itchy, or sore throat, or shortness of 
breath. An electronic laryngoscopy examination identified a 
new organism on the right pharyngeal lateral wall, measuring 
approximately 1.0 × 1.0 × 1.0cm, displaying a smooth surface 
with a small amount of attached pseudomembrane (Figure 5). 
Palpation during a specialized physical examination did not 
detect any lymph nodes in the neck. Initial laboratory tests re-
vealed a significant decrease in glomerular filtration rate (47.9 
ml/min/1.73 m²) with no other notable abnormalities. The pa-
tient has a history of poorly controlled hypertension spanning 
over two decades. Fourteen years ago, he underwent laparo-
scopic left nephrectomy due to ccRCC with hemorrhagic cystic 
changes in the left kidney (pathology: pT1b, Fuhrman grade 2, 
margins negative). Subsequent annual physical examinations 
showed no abnormalities in urine routine or renal function.
Following the completion of the necessary preoperative ex-
aminations, the patient underwent resection of a pharyngeal 
lesion with the assistance of a laryngoscope on May 8, 2025. 
During the procedure, a red solid neoplasm located on the 
surface of the right pharyngeal palatine arch was excised. 
Intraoperative cryotherapy indicated that the morphology of 
this mass was consistent with metastatic clear cell carcino-
ma of renal origin (Figure 6). The surrounding adherent tissue 
was also excised to ensure complete resection. Postoperative 

Figure 3. H&E stain, low power (×40): Nested architecture of clear cells 
with delicate vascular network and focal hemorrhage. Scale bar = 500 
μm. 

Figure 4. H&E stain, high power (×400): Clear cytoplasm with distinct 
cell borders, round nuclei, prominent nucleoli. Red blood cells in inter-
stitium. Scale bar = 50 μm.

Figure 5. Laryngoscopic view: Smooth, reddish, submucosal mass 
on right lateral oropharyngeal wall, measuring 1.0×1.0 cm, with small 
pseudomembrane.

pathology confirmed the diagnosis of mCCRCC. The patient 
had a pathologically confirmed history of left ccRCC treated 
with nephrectomy 14 years earlier, and intraoperative frozen 
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section of the oropharyngeal lesion revealed classic clear cell 
morphology, which was subsequently confirmed on routine 
histopathology. Given the definitive history of ccRCC and the 
characteristic pathological features, the diagnosis was consid-
ered sufficiently established at that time. Furthermore, due to 
the patient's advanced age (69 years) and pre-existing chronic 
kidney disease stage 3 (eGFR 47.9 mL/min/1.73 m²), the clin-
ical team had concerns about the potential nephrotoxicity of 
iodinated contrast agents required for PET-CT or contrast-en-
hanced CT. After thorough discussion with the patient and his 
family, a decision was made to proceed with close surveillance 
following complete local excision rather than immediate exten-
sive staging investigations. Additional immunohistochemical 
markers—such as PAX8, CK7, p63, p40, S100, and SOX10—
were not pursued at that time due to resource considerations 
and the perceived diagnostic certainty based on the strong 
clinical and pathological correlation.
Following MDT consultation, the patient was staged as pTx-
N0M1 (solitary oropharyngeal metastasis) according to the 
AJCC 8th edition, with the current recurrence classified as 
distant metastasis (M1) given the 14-year interval since the 
original nephrectomy. After discussion at a MDT board, the 
medical oncology team recommended adjuvant systemic ther-
apy with nivolumab plus cabozantinib as the preferred option 
for intermediate-risk recurrence, versus observation, acknowl-
edging that the prolonged latency might suggest an aggres-
sive clone with high metastatic potential. The patient elected 
active treatment and initiated therapy with nivolumab 240 mg 
intravenously every two weeks plus cabozantinib 40 mg orally 
daily; the cabozantinib dose was reduced to 20 mg daily due to 
baseline chronic kidney disease. The first restaging evaluation, 
performed approximately 8 weeks after treatment initiation 
and assessed per RECIST 1.1 criteria, demonstrated no mea-
surable disease (status post-surgical resection) and no new 
lesions. Treatment was continued as an adjuvant approach. As 
of the most recent follow-up, the patient remains stable with 
no evidence of disease progression and continues on regular 
imaging surveillance. Additionally, we have created detailed 
clinical timelines for both cases (Table 1 and Table 2), which 
include all key events from initial presentation through diagno-
sis, treatment, and follow-up. The timelines are presented in a 
clear chronological format with approximate dates and corre-
sponding clinical events.

Discussion

We report two exceptional cases of ccRCC presenting initially 
as head and neck masses: one in the parotid deep lobe and 
one isolated oropharyngeal metastasis 14 years after nephrec-
tomy. Both presentations are extraordinarily rare; only a hand-
ful of similar cases have been reported. A summary of the 
most relevant published cases is presented in Table 3.
mCCRCC presenting with head and neck space-occupying le-
sions as the initial manifestation is exceptionally uncommon 
in clinical practice, representing only 13% of distant metasta-
sies of RCC [6]. Most head and neck metastatic tumors stem 
from primary lesions in the upper digestive or respiratory 
tracts, with metastases from distant primary sites, such as 
renal tumors, being infrequent. Due to the kidney receives 25% 
of the circulating blood volume, RCC, a hypervascular tumor 

Figure 6. H&E stain (×200): mCCRCC with clear cell morphology, rich 
vasculature, and hemorrhage. Scale bar = 100 μm.

with numerous arteriovenous shunts, can disseminate to the 
head and neck via the paravertebral venous plexus (Batson’s 
plexus) [7]. This mechanism underscores its significance as 
a rare cause of head and neck metastases unrelated to the 
upper digestive or respiratory tracts. Despite its relatively low 
overall incidence, priority should be given to considering it in 
the differential diagnosis of head and neck space-occupying 
lesions. In the absence of any other identified primary tumors, 
the clinical differential diagnosis for a patient presenting with a 
mass in the head and neck encompasses both benign lesions 
and malignant tumors, the latter including primary tumors and 
metastases. Benign tumors in this region typically exhibit slow 
growth and are often discovered incidentally. Their duration 
can range from several years to several decades [8]. In some 
patients, head and neck metastases may arise following rad-
ical nephrectomy for RCC, with time intervals varying from 
several months to several years. mCCRCC is associated with 
a poor prognosis, characterized by a 5-year survival rate of 
less than 10% and an average life expectancy of 5.8 months 
[1]. Research indicates that complete surgical resection of 
isolated metastases can significantly enhance the long-term 
survival rates of affected patients. O'Dea et al. investigated 
patients who underwent radical nephrectomy for RCC and had 
isolated metastatic sites completely excised. Their findings 
indicated that patients with metastases identified within a 
specific timeframe following nephrectomy exhibited a more 
favorable prognosis compared to those whose primary tumors 
and metastatic sites were diagnosed and treated concurrent-
ly. The 5-year survival rate for the former group was 50% [9]. 
Although RCC is characterized as a radioresistant tumor, it 
demonstrates a notable response to chemotherapy and radio-
therapy. Moreover, the implementation of targeted therapy and 
immunotherapy can substantially enhance survival outcomes 
for patients [5]. The first case is notable for the deep lobe loca-
tion and the synchronous lung metastases, underscoring the 
need for complete staging even when a head and neck mass 
appears isolated. The hypervascular imaging features (fast 
wash in/wash out on CT) mimicked a primary salivary gland 
tumour, but should raise suspicion for metastasis from a high-
ly vascular primary such as RCC. The second case illustrates 
that ccRCC can recur after more than a decade, and isolated 
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Date Event Clinical/Pathological Details

November 20, 2024 Symptom onset Patient notices painless left preauricular mass 

December 5, 2024
Initial presenta-
tion

ENT clinic visit; physical exam confirms 4 cm firm, mobile left parotid mass

December 6, 2024 Ultrasound
Left parotid: 3.2×2.8 cm cystic-solid lesion, well-circumscribed, rich vascularity (Grade 
3 flow on color Doppler). No FNA performed due to high vascularity and differential 
including Warthin tumor

December 8, 2024
CT neck (con-
trast-enhanced)

Left deep parotid lobe: 3.6×2.3 cm heterogeneously enhancing mass with "fast-in fast-
out" enhancement pattern, central cystic areas, peripheral vascular rim sign. Differen-
tial: Warthin tumor vs. salivary malignancy vs. metastatic hypervascular lesion

December 10, 2024 Preoperative labs Normal renal function, no hematuria

December 18, 2024 Surgery
Left deep lobe parotidectomy with facial nerve preservation (monitored with NIM-Re-
sponse 3.0). Intraoperative findings: 4.0×4.0×3.0 cm encapsulated, friable, highly 
vascular mass

December 18, 2024
Intraoperative 
frozen section

"Low-grade malignant salivary gland tumor" → prompted complete deep lobe resec-
tion with margin clearance

December 22, 2024 Final pathology
Metastatic ccRCC: Nested architecture, clear cytoplasm, delicate vasculature. Immu-
nohistochemistry: PAX8(+), CAIX(+), CD10(+), Vimentin(+), CK7(-), p63(-), SOX10(-), Ki-
67 10%

December 24, 2024 PET-CT staging

Primary: Left kidney lower pole cystic-solid mass 11.4×10.1 cm, SUVmax 5.86, peri-
nephric fat invasion (T3a). Metastases: Left parotid (post-surgical bed, SUVmax 7.39), 
bilateral pulmonary nodules (The larger one is located in the posterior basal segment 
of the lower lobe of the left lung, approximately 1.2 cm, SUVmax 2.18), no bone or 
brain metastases

December 28, 2024 MDT consultation
Urology, oncology, radiation oncology. Decision: Systemic therapy first-line (pembroli-
zumab/axitinib), consider cytoreductive nephrectomy after 3 cycles if response

January 5, 2025
Treatment initia-
tion

Pembrolizumab 200mg IV q3weeks + Axitinib 5mg PO BID (dose reduced to 3mg BID 
after 2 weeks due to grade 2 hypertension)

February 20, 2025
First restaging CT 
(8 weeks)

RECIST 1.1: Primary renal mass 8.3×7.4 cm (27% reduction, PR), pulmonary nodules 
stable (non-target). Parotid surgical bed clear. eGFR stable at 45 mL/min/1.73m²

April 2025 Ongoing Continuous relief; alive

Table 1. The detailed clinical timelines for Case 1.

Note: Detailed clinical timeline for Case 1, illustrating the diagnostic trajectory from presentation with a left parotid mass through staging, surgi-
cal resection, and systemic therapy initiation. Key findings include characteristic hypervascular imaging features, definitive pathology confirming 
metastatic ccRCC with supportive immunohistochemistry (PAX8+, CAIX+), and favorable early response to pembrolizumab/axitinib combination 
therapy.

head and neck metastases may be the first sign. Therefore, 
lifelong surveillance is mandatory after nephrectomy.
Most patients with mCCRCC initially present with clinical 
symptoms related to metastatic sites. Risk factors for this 
condition include older age, male gender, hypertension, smok-
ing, and obesity. The absence of specific indicators in imaging 
studies and routine biological examinations complicates the 
differentiation of mCCRCC from the primary disease at the 
metastatic site, thereby hindering the development of an accu-
rate treatment plan. Typical symptoms associated with tumors 
originating in the kidneys include hematuria, low back pain, 
and abdominal masses. However, in the case discussed in this 
article, the patient did not exhibit these characteristic symp-
toms during the initial visit; instead, the primary complaint 
was a painless mass in the head and neck. Postoperative 

pathological analysis confirmed the presence of a malignant 
tumor with renal metastasis. mCCRCC typically has a relatively 
insidious onset, and its clinical symptoms are often subtle. It 
is frequently diagnosed when patients undergo evaluation for 
various non-specific symptoms or other medical conditions. 
Determining whether a head and neck mass is primary or met-
astatic cancer can be challenging. Yu reported that the accura-
cy rate of ultrasound diagnosis for parotid gland tumors is only 
78.6% [10]. The ultrasound characteristics of Case 1 in this ar-
ticle resemble those of benign tumors, suggesting a potential 
risk of misdiagnosis. To minimize the likelihood of misdiagno-
sis, a thorough medical history inquiry, careful consideration 
of the relationship between systemic and local factors, and a 
meticulous physical examination, including necessary general 
assessments, are essential for accurately determining the tu-
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Date Event Clinical/Pathological Details

May 2011 Initial diagnosis Left nephrectomy for pT2aN0M0 ccRCC, Fuhrman grade 2, clear cell type
2011-2024 Surveillance Annual abdominal CT and chest X-ray, no recurrence detected
April 1, 2025 Symptom onset Foreign body sensation right oropharynx

May 6, 2025 ENT evaluation Laryngoscopy: 1.0×1.0 cm smooth reddish mass, right lateral pharyngeal wall

May 8, 2025 Surgery
Laryngoscopic transoral resection of right oropharyngeal mass with 5mm margins. 
Intraoperative findings: Highly vascular, friable red mass

May 8, 2025
Intraoperative 
frozen

Consistent with metastatic ccRCC (clear cells, rich vasculature)

May 12, 2025 Final pathology ccRCC metastasis, negative margins (R0), lymphovascular invasion present

May 15, 2025
MDT consulta-
tion

Medical oncology recommendation: Adjuvant systemic therapy with nivolumab/
cabozantinib (preferred for intermediate-risk recurrence) vs. observation (high-risk 
for further metastasis given 14-year latency suggesting aggressive clone)

May 20, 2025
Treatment deci-
sion

Patient elected active treatment. Initiated Nivolumab 240mg IV q2weeks + 
Cabozantinib 40mg PO daily (dose reduced to 20mg due to baseline CKD)

July 2025
First restaging (8 
weeks)

RECIST 1.1: No measurable disease (post-surgical), no new lesions. Treatment 
continued as adjuvant approach

September 2025 Ongoing Stable, no progression

Note: Detailed clinical timeline for Case 2, illustrating an ultra-late recurrence (14 years post-nephrectomy) of ccRCC manifesting as 
isolated oropharyngeal metastasis. The timeline encompasses the 14-year disease-free interval, diagnostic workup, complete surgical 
resection, and initiation of adjuvant immunotherapy-based systemic treatment, highlighting the importance of prolonged surveillance in 
ccRCC survivors.

Table 2. The detailed clinical timelines for Case 2.

Table 3. A summary of the most relevant published cases.

mor's nature. 
The most prevalent histological type of RCC is ccRCC, which 
typically presents as nest-like transparent cells abundant in 
glycogen when examined under light microscopy. Its charac-
teristic histological feature includes a rich network of intersti-
tial blood vessels, with red blood cells often visible within the 
vascular lumen or between the nests of clear cells [11]. In his-
tochemical analyses, RCC typically exhibits positive staining 
for glycogen and lipids. Immunohistochemical findings reveal 
a high expression rate of CD10 and Vimentin, which supports 
the diagnosis of RCC. Vimentin is predominantly expressed 
in mesenchymal tissue cells and tumor cells derived from 

mesenchymal tissue, while it is absent in normal epithelial 
cells. Historically, Vimentin served as a marker to differentiate 
mesenchymal tissue components from those of other origins. 
Recent literature has demonstrated that Vimentin is aberrantly 
expressed in the epithelial tumor cells of poorly differentiated 
carcinomas, indicating that this abnormal expression is closely 
associated with the invasive and metastatic potential of tumor 
cells [12-13]. CD10 exhibits strong positive expression primar-
ily in normal renal balloon epithelial cells and proximal convo-
luted tubular epithelial cells, predominantly localized in the cell 
membrane with potential positivity in the cytoplasm below. 
Its positive presence in mCCRCC correlates with advanced 

Reference Age/Sex Site Time from 
nephrectomy Other metastases Outcome (follow up)

Owens et al. 1989 [9] 55/M Parotid 0 (synchronous) Lung, brain, bone Alive at 2 years

Owens et al. 1989 [9] 75/F Parotid 8 years None recurrence (6 months 
after parotid resection)

Spreafico et al. 2008 
[7] 67/M Parotid 1 years neck lymph nodes Alive, radiotherapy

Ahmed et al. 2023 [5] 66/M Larynx 0 (synchronous) None Alive, NED at 4 months

Present Case 1 61/M Parotid
(deep lobe) 0 (synchronous) Lung Alive, on IT at 10 months

Present Case 2 69/M Oropharynx 14 years None Alive, NED at 8 months

Note: Comparative summary of published ccRCC head and neck metastasis cases, highlighting the rarity of deep parotid involvement 
(Case 1) and the unprecedented 14-year latency for oropharyngeal recurrence (Case 2) among reported series.
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tumor stage, suggesting involvement in invasion and progres-
sion. Notably, poorly differentiated mCCRCC tumors display a 
significantly lower CD10 expression rate compared to moder-
ately and well-differentiated tumors, indicating a link between 
CD10 expression and mCCRCC cell differentiation [14]. From a 
pathological perspective, a definitive diagnosis of mCCRCC re-
quires a panel of IHC markers. PAX8 is the most sensitive and 
specific marker for renal origin. CD10, and vimentin are sup-
portive but not entirely specific. Exclusion of salivary gland tu-
mours (p63, p40, S100, SOX10) and other clear cell neoplasms 
(e.g., from thyroid, adrenal, or female genital tract) is essential 
[14]. Ki 67 provides prognostic information. In our cases, the 
IHC profile was classic for ccRCC and ruled out mimics. 
Our report has limitations. First, we lack long term follow up 
for both patients, especially regarding treatment response 
beyond 10 and 8 months. Second, the decision not to perform 
FNAC in two cases might be debated; however, in many cen-
tres, surgical excision is preferred for deep parotid lesions 
when malignancy is suspected, because FNAC can be non di-
agnostic or misleading. Despite these limitations, these cases 
contribute valuable observations: (1) ccRCC can present as a 
parotid deep lobe mass, which has not been specifically high-
lighted before; (2) a latency of 14 years before oropharyngeal 
metastasis is one of the longest reported; (3) hypervascular 
imaging features should prompt consideration of ccRCC; (4) a 
comprehensive IHC panel is crucial for accurate diagnosis.

Conclusion

In summary, instances of mCCRCC spreading to the head and 
neck are exceedingly uncommon, representing only approxi-
mately 6% of cases [15]. mCCRCC should be included in the 
differential diagnosis of hypervascular head and neck masses, 
even in patients without known renal cancer or with a remote 
history of nephrectomy. The diagnosis relies significantly on 
identifying the distinct pathological characteristics of meta-
static cancer through meticulous IHC analysis. The presence 
of CD10 and Vimentin positivity aids in confirming the diag-
nosis of mCCRCC. When encountering clear cell carcinoma 
in pathological samples, consideration must be given to the 
potential metastasis of RCC. Timely PET-CT and a thorough 
immunohistochemical work up are essential for correct di-
agnosis and staging. Patients typically do not exhibit evident 
symptoms like hematuria or lumbar pain. Merely excising 
the metastatic cancer lesions does not result in complete re-
mission. Prompt initiation of MDT consultations is essential, 
with a comprehensive treatment approach primarily centered 
on radical surgical excision. Regular and lifelong monitoring 
should also be implemented. The primary lesions associated 
with head and neck metastatic cancer predominantly arise 
from the upper digestive and respiratory tracts, with a minority 
originating from distant organs. Specifically, 45% of metastatic 
cancers are classified as malignant melanoma, while 37% are 
identified as squamous cell carcinoma. Distant metastatic 
cancers may also originate from sites such as the breast, kid-
neys, and prostate [16]. For the majority of these patients, a 
definitive diagnosis is achievable only through postoperative 
pathological examination. Consequently, in clinical practice, 
it is advisable to extend the follow-up period for patients with 
mCCRCC as much as possible. In cases where patients pres-

ent with head and neck masses without identifiable tumors in 
that region, primary tumors located below the clavicle should 
be considered, prompting the initiation of appropriate staging 
examinations. For isolated metastatic lesions, surgical inter-
vention may be indicated. Additionally, postoperative immuno-
therapy or molecular targeted therapies can be employed to 
extend patient survival and enhance quality of life.
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Abstract

Objective: To investigate the predictive factors for lateral lymph node metastasis (LLNM) in patients with papillary thyroid carcinoma (PTC) and 
to develop an individualized prediction model. 
Methods: Clinical data from 241 PTC patients who underwent lateral neck dissection were analyzed. Logistic regression and machine learning 
methods were employed to identify predictive factors and construct a model. The predictive value of three-dimensional morphological parame-
ters (total tumor surface area and total tumor volume) was also evaluated. 
Results: Maximum tumor diameter, central lymph node metastasis, preoperative Thyroid-Stimulating Hormone (TSH), and tumor location were 
identified as independent predictors of LLNM. A baseline combined model based on maximum tumor diameter showed good predictive perfor-
mance (AUC 0.832). Furthermore, three-dimensional parameters (total surface area and total volume) demonstrated complementary predictive 
potential compared to the baseline model. 
Conclusion: An effective clinical prediction model for assessing LLNM risk was successfully developed. Three-dimensional morphological pa-
rameters represent promising predictive indicators with potential complementary value.
Keywords: Papillary thyroid carcinoma; Lateral lymph node metastasis; Machine learning; Clinical prediction model; SHapley Additive exPlana-
tions (SHAP)
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Introduction

Thyroid cancer is a common malignant tumor of the endocrine 
system, with its global incidence continuing to rise [1-4]. Pap-
illary thyroid carcinoma (PTC) is the most common pathologi-
cal type. Patients with cervical lymph node metastasis have a 
higher risk of recurrence and distant metastasis, leading to a 
poorer prognosis [5-10]. Relevant guidelines recommend that 
PTC patients assessed preoperatively with lymph node metas-
tasis should undergo surgical treatment [11]. Cervical lymph 
node dissection is a critical step in surgery, and the extent of 
dissection needs to balance complete tumor removal with 
postoperative quality of life. For lateral cervical lymph nodes, 
current guidelines recommend therapeutic dissection only 
when preoperative imaging suggests metastasis [3, 12]. How-
ever, existing imaging modalities have limitations in assessing 
lymph node metastasis [13-14]. Therefore, accurately predict-

ing lateral cervical lymph node metastasis is of great signifi-
cance for formulating individualized surgical strategies. Cur-
rent preoperative assessment primarily relies on ultrasound, 
CT, etc., but their sensitivity and specificity are limited [2, 15-
18]. Preoperative lymph node biopsy is the standard method 
for evaluating LLNM [3]. However, ultrasound-guided fine-nee-
dle aspiration (FNA) has limitations in accuracy and carries 
the potential for sampling error [3, 19]. Constructing prediction 
models by combining clinicopathological features has become 
an important approach to improving preoperative assessment 
accuracy. This study aims to develop an individualized predic-
tion model for lateral cervical lymph node metastasis using 
routine clinical indicators and to validate its performance 
through various statistical methods and machine learning al-
gorithms, thereby providing a tool for clinical decision-making.
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Methods

Clinical Study and Design
Study Design
This study included patients with PTC who were admitted to 
the First Affiliated Hospital of Anhui Medical University from 
March 2021 to September 2025 and to the Hefei Cancer Hos-
pital of the Chinese Academy of Sciences from March 2019 
to September 2025. All surgeries were performed by surgeons 
from the same treatment team, and postoperative pathological 
examination confirmed the diagnosis of PTC. Patients who 
underwent concurrent central and lateral neck lymph node dis-
section during surgery were selected. Inclusion criteria were: 
1) preoperative conventional ultrasound examination; 2) no 
history of thyroid surgery. Exclusion criteria were: 1) history 
of head and neck radiotherapy; 2) concurrent other head and 
neck malignancies; 3) incomplete clinical, pathological, or ul-
trasound data (see Figure 1). The study protocol was approved 
by the Ethics Committees of The First Affiliated Hospital of 
Anhui Medical University and Hefei Cancer Hospital of Chinese 
Academy of Sciences.

Figure 1. Study flow chart.A

Data Collection
Data were retrieved from inpatient medical records. Based 
on guidelines and previous studies [20-23], 14 variables were 
selected as candidate predictors: age, sex, maximum tumor 
diameter, central compartment lymph node metastasis (as-
sessed based on preoperative imaging and intraoperative 
frozen section pathology), number of metastatic central lymph 
nodes, number of tumor foci, capsular invasion, calcification, 
aspect ratio, punctate-strip blood flow signal, nodule margin, 
nodule location, preoperative TSH, and preoperative Parathy-
roid Hormone (PTH). Additionally, the three-dimensional mea-
surements (long, intermediate, and short axes) of all tumor 
foci were collected.

Statistical Analysis
SPSS software (version 26.0) was used for statistical analy-
sis. Categorical data are presented as n (%), and comparisons 

between groups were performed using the χ² test. + Variables 
with a P value < 0.1 in univariate analysis were included in a 
subsequent multivariate logistic regression analysis to identify 
independent predictors. The predictive performance of individ-
ual factors and combined indicators was evaluated using Re-
ceiver Operating Characteristic (ROC) curves. A P value < 0.05 
was considered statistically significant.
Further modeling was conducted using R software (version 
4.5.1). The analysis was performed in two stages. Stage 1: 
Development and internal validation of the logistic regression 
model using the full dataset. A prediction model and a corre-
sponding nomogram were constructed based on the indepen-
dent predictors. Model performance was evaluated in terms 
of: 1) Discrimination ability (Receiver Operating Characteristic 
[ROC] curve and Area Under the Curve, AUC); 2) Calibration 
(calibration curve and Hosmer-Lemeshow test); 3) Clinical 
utility (Decision Curve Analysis and Clinical Impact Curve). 
Internal validation was performed using the bootstrap method 
with 1000 resamples. Stage 2: Comparative analysis using a 
training-test set split (70%/30%). The data were split into train-
ing and validation sets in a 7:3 ratio. Applied machine learning 
algorithms included: Decision Tree, Random Forest, XGBoost, 
Support Vector Machine, K-Nearest Neighbors, LightGBM, and 
Naïve Bayes. These algorithms were selected to represent a di-
verse range of machine learning paradigms, thereby enabling a 
comprehensive comparison with the traditional logistic regres-
sion model. Specifically, Decision Tree provides an intuitive, 
rule-based approach for risk classification; Random Forest and 
XGBoost (extreme gradient boosting) are ensemble methods 
that handle non-linear relationships and feature interactions 
effectively, with XGBoost known for its robust performance 
in structured data; LightGBM (light gradient boosting ma-
chine) offers high efficiency and accuracy in gradient boosting 
frameworks; Support Vector Machine (SVM) is suitable for 
high-dimensional feature spaces through kernel transforma-
tion; K-Nearest Neighbors (KNN) serves as a non-parametric, 
instance-based learning method; and Naïve Bayes provides 
a probabilistic approach based on conditional independence 
assumptions. Collectively, this set of algorithms covers key 
categories—including tree-based models, ensemble methods, 
kernel-based methods, distance-based methods, and probabi-
listic classifiers—allowing for a rigorous evaluation of model 
performance across different analytical frameworks. Models 
were comprehensively assessed using the Area Under the 
ROC Curve, calibration curves, and decision curves. The SHAP 
(SHapley Additive exPlanations) method was used to interpret 
the model decision mechanisms.
Using an ellipsoid geometric model, we calculated three re-
fined metrics beyond the "maximum tumor diameter" for each 
patient: total volume sum of all tumor foci (V=(π/6)abc), total 
surface area sum (S≈π(((ab) p +(ac) p +(bc) p )/3) 1 / p, p=1.6075), 
and sphericity of the largest tumor focus (Ψ=3a/(a+b+c)) (see 
Figure 1).
*The ellipsoid model was selected because it is the most com-
monly used geometric approximation for thyroid nodules in 
clinical ultrasound practice. In this setting, tumors are typically 
measured along three orthogonal axes (long, intermediate, 
and short). In our study population, the majority of tumor foci 
exhibited a shape consistent with the ellipsoid assumption (i.e., 
well-defined, roughly ovoid contours), as confirmed by preop-
erative ultrasound imaging. While more sophisticated three-di-
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mensional reconstruction techniques exist, the ellipsoid model 
offers a practical and reproducible method for routine clinical 
application. 

Results

Development of a Prediction Model Based on Logistic Regres-
sion
Univariate and Multivariate Analysis
Among the 241 patients, significant differences (P < 0.1) were 
found between the metastasis and non-metastasis groups 
regarding the following variables: age, sex, maximum tumor 
diameter (>1 cm), central compartment lymph node metas-
tasis, number of metastatic central lymph nodes, ill-defined 
nodule margin, aspect ratio (>1), nodule location, preoperative 

Factor Non-metastasis Group 
(n=62), n (%)

Metastasis Group 
(n=179), n (%) χ² Value P Value

Age 44.780 0.000
≤35 years 52 (83.9%) 62 (34.6%)
>35 years 10 (16.1%) 117 (65.4%)

Sex 7.340 0.007
Male 9 (14.5%) 58 (32.4%)

Female 53 (85.5%) 121 (67.6%)
Maximum Tumor 

Diameter 13.686 0.000

≤1 cm 40 (64.5%) 67 (37.4%)
>1 cm 22 (35.5%) 112 (62.6%)

Central LN Metastasis 58.865 0.000
Yes 20 (32.3%) 150 (83.8%)
No 42 (67.7%) 29 (16.2%)

No. of Central LNs 30.920 0.000
≤3 56 (90.3%) 90 (50.3%)
>3 6 (9.7%) 89 (49.7%)

No. of Tumor Foci 2.442 0.295
Single 34 (54.8%) 81 (45.3%)
Double 15 (24.2%) 43 (24.0%)
Multiple 13 (21.0%) 55 (30.7%)

Table 1. Univariate analysis of clinical characteristics in patients with PTC.

Table 2. Multivariate logistic regression analysis of factors associated with lateral cervical lymph node metastasis.

Note: Statistically significant factors (P < 0.05) are highlighted in bold.

A

A
Factor β SE Wald χ² P Value OR (95% CI)

Factor -0.761 0.478 2.532 0.112 0.467 (0.183–1.191)
Sex (Male vs. Female) -0.010 0.015 0.440 0.507 0.990 (0.961–1.020)

Age 0.689 0.259 7.062 0.008 1.992 (1.199–3.310)
Maximum Tumor Diameter 1.727 0.419 17.008 0.000 5.623 (2.471–12.794)

Central LN Metastasis 1.058 0.554 3.644 0.056 2.882 (0.973–8.534)
No. of Central LNs 0.085 0.495 0.030 0.864 1.089 (0.413–2.873)

Ill-defined Nodule Margin -0.739 0.315 5.490 0.019 0.478 (0.258–0.885)
Nodule Location 0.055 0.420 0.017 0.896 1.056 (0.463–2.409)
Aspect Ratio (>1) -1.056 0.448 5.562 0.018 0.348 (0.145–0.837)
Preoperative TSH 0.664 0.560 1.406 0.236 1.943 (0.648–5.823)
Preoperative PTH 1.762 2.123 0.689 0.406 5.827

TSH, and preoperative PTH. These variables were included in a 
multivariate logistic regression analysis. The results identified 
the following as independent risk factors for predicting lateral 
lymph node metastasis (LLNM): maximum tumor diameter, 
central compartment lymph node metastasis status, nodule 
location, and preoperative TSH level (see Tables 1, 2, and 3).

Development and Predictive Performance of Model
Using the full dataset (241 patients), ROC curves were plotted 
for each independent predictor to evaluate their individual pre-
dictive value (see Figure 2). The prediction model was convert-
ed into a nomogram for direct clinical application (see Figure 
3). The model exhibited good discriminatory ability with an 
AUC of 0.832. Internal validation using the bootstrap method 
(1000 repetitions) showed a high consistency between pre-
dicted and actual probabilities on the calibration curve (mean 
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absolute deviation [MAD] = 0.023). The Hosmer-Lemeshow 
test yielded a P-value of 0.137, suggesting good model cali-
bration. Decision curve analysis demonstrated that within the 
threshold probability range of 0.1 to 0.5, the net benefit of ap-
plying this model was higher than both the "intervention for all" 
and "intervention for none" strategies, indicating its potential 
clinical utility.

Construction and Comparison
To compare the performance of different modeling approach-
es, a training-test set split strategy (70%/30%) was employed. 
Based on the preliminary analysis, four predictive variables 
were included: central compartment lymph node metastasis 
status, maximum tumor diameter, nodule location, and preop-
erative TSH. All models were developed on the training set (70% 
of the data) and evaluated on the validation set (30% of the 
data). Multivariate logistic regression was used as the primary 
method to construct the prediction model. For supplementary 
comparison, seven machine learning algorithms were also ap-
plied, resulting in a total of eight prediction models. The con-
fusion matrices for each model in the validation set are shown 
in Figure 4. The LightGBM model achieved the highest F1 
score (0.56), indicating the best balance between sensitivity 
and specificity. However, the logistic regression model outper-
formed all other models in terms of discriminative ability (high-
est AUC), calibration (lowest Brier score [a measure of calibra-

Factor Non-metastasis Group 
(n=62), n (%)

Metastasis Group 
(n=179), n (%) χ² Value P Value

Capsular Invasion 1.773 0.183
Yes 12 (19.4%) 50 (27.9%)
No 50 (80.6%) 129 (72.1%)

Ultrasound Calcification 0.417 0.518
Yes 31 (50.0%) 98 (54.7%)
No 31 (50.0%) 81 (45.3%)

Aspect Ratio (>1) 3.436 0.064
Yes 24 (38.7%) 47 (26.3%)
No 38 (61.3%) 132 (73.7%)

Punctate-Strip Blood Flow 0.039 0.843
Yes 32 (51.6%) 95 (53.1%)
No 30 (48.4%) 84 (46.9%)

Ill-defined Nodule Margin 25.513 0.000
Yes 32 (51.6%) 148 (82.7%)
No 30 (48.4%) 31 (17.3%)

Nodule Location 9.9 0.007
Upper 9 (14.5%) 58 (32.4%)
Middle 40 (64.5%) 103 (57.5%)
Lower 13 (21.0%) 18 (10.1%)

Preoperative TSH 8.116 0.017
Low 3 (4.8%) 8 (4.5%)

Normal 46 (74.2%) 157 (87.7%)
High 13 (21.0%) 14 (7.8%)

Preoperative PTH 5.218 0.074
Low 1 (1.6%) 7 (3.9%)

Normal 59 (95.2%) 150 (83.8%)
High 2 (3.2%) 22 (12.3%)

Table 3. Univariate analysis of ultrasound characteristics and serological indicators in patients with PTC.A
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Figure 2. ROC curve, calibration curve, and decision curve analysis of 
the prediction model.

Figure 3. Nomogram model constructed based on multivariate vari-
ables.

A

A

tion accuracy], 0.124), and clinical utility (broadest range of net 
benefit on the decision curve analysis), suggesting it holds the 
greatest potential for broad clinical applicability (see Figure 5).
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Threshold Optimization
Systematic optimization of classification thresholds revealed 
that the default threshold (0.5) was not optimal. Logistic Re-
gression achieved its best F1 score (0.917) at a threshold of 
0.6, making it suitable for scenarios emphasizing specificity. 
LightGBM reached its optimal F1 score (0.889) at a threshold 
of 0.3, rendering it more appropriate for screening contexts 
requiring high sensitivity (see Table 4). After threshold optimi-
zation, Logistic Regression, with the highest AUC and the op-
timal F1 score, emerged as the prediction model with the best 
overall performance (see Figure 6).
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Figure 4. Ensemble of confusion matrices for each model.A

Figure 5. Comparison of discrimination, calibration, and clinical utility 
among the models.
A. The Logistic Regression model achieved the highest area under the 
curve (AUC) among all models, demonstrating the best overall discrim-
inative ability for lateral cervical lymph node metastasis status. B. This 
model also had the lowest Brier score (0.124), and its calibration curve 
was closest to the ideal diagonal, indicating the best agreement be-
tween predicted probabilities and actual risk. C. In the decision curve 
analysis, the Logistic Regression model provided a net clinical benefit 
across the threshold probability range of 0.05–0.75, with a wider effec-
tive range than other models, suggesting broader clinical applicability.
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Figure 6. Ensemble of confusion matrices for each model under the 
optimal threshold range.

A

Model Optimal Threshold AUC F1 Score Accuracy Sensitivity Specificity

Logistic Regression 0.6 0.859 0.917 0.877 0.877 0.875

LightGBM 0.3 0.782 0.889 0.822 0.800 1.000

Table 4. Comparison of model performance after threshold optimization.A

Comprehensive Evaluation and Discussion of Algorithmic 
Models
Based on the comprehensive performance evaluation, the Lo-
gistic Regression model demonstrated the best performance 
in terms of predictive accuracy and clinical utility. This model 
exhibited the highest discriminative ability (AUC=0.859), the 
most accurate predicted probabilities (Brier score=0.124), and 
its calibration curve aligned most closely with the ideal diago-
nal line. Within the clinical decision threshold range of 0.05 to 
0.75, this model could provide the greatest net benefit (0.579). 
It ranked first across all three core evaluation dimensions: the 
ROC curve, calibration curve, and decision curve analysis. Its 
performance improved significantly after optimizing the classi-
fication threshold to 0.6. This model was thus identified as the 
optimal prediction model in this study.

Model Interpretability Analysis Based on SHAP
Model interpretability analysis was conducted using the SHAP 
(SHapley Additive exPlanations) method. In the Logistic Re-
gression model, the order of variable importance was as fol-
lows: Central Compartment Metastasis > Nodule Location > 
Maximum Tumor Diameter > Preoperative TSH (see Figure 7). 
In the LightGBM model, the order of feature importance was: 
Central Compartment Metastasis > Maximum Tumor Diame-
ter > Nodule Location > Preoperative TSH (see Figure 8). The 
SHAP summary plot illustrates the contribution of each fea-
ture's value to the model's predictive output, visually explaining 
the process of transforming feature inputs into predicted prob-
abilities.
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Central Compartment 
Metastasis (Yes)

Nodule Location 
(Level 3)

Tumor Diameter

Nodule Location 
(Level 2)

Preoperative TSH

Feature Importance of the Logistic Regression Model

Feature Importance (|Coefficient|)

Figure 7. Feature importance analysis of the Logistic Regression 
model.

A

A: LightGBM Feature Importance

Central LN Metastasis

Tumor Diameter

Nodule Location

Preoperative TSH

Preoperative TSH

Nodule Location

Tumor Diameter

Central LN Metastasis

C: Interpretation for a High-Risk Patient

Predicted Probability:0.315

D: Interpretation for a Low-Risk Patient

Predicted Probability:0.129

SHAP Value Contribution SHAP Value Contribution

B: SHAP Summary Plot

Figure 8: SHAP plot for the LightGBM model.
A. Feature Importance: The mean absolute SHAP value was used to 
evaluate each feature's contribution to the model's predictions. In the 
LightGBM model, the order of feature importance (highest to lowest) 
was: central compartment metastasis, tumor diameter, nodule loca-
tion, preoperative TSH. B. SHAP Summary Plot: This plot visualizes the 
relationship between individual feature values and their corresponding 
SHAP values, providing a visual representation of each feature's con-
tribution to the final predicted probability. C. High-Risk Case Example: 
For a patient with actual lateral lymph node metastasis, both the 
Logistic Regression and LightGBM models attributed increased risk 
prediction to features such as larger tumor diameter (and preoperative 
TSH in LightGBM). The final predicted probability was 0.609, correctly 
identifying this high-risk individual. D. Low-Risk Case Example: For a 
patient without metastasis, protective features like preoperative TSH 
(in Logistic Regression) and the absence of central metastasis/small-
er tumor diameter (in both models) contributed negatively to the risk 
score. The final predicted probability was 0.194, correctly classifying 
this low-risk individual.

A

Exploration of Multivariate Prediction Models Using Alterna-
tives to Maximum Tumor Diameter
Consistent with the comparative analysis described above, 
the training-test set split strategy (70%/30%) was used in this 
section as well. The variable "maximum tumor diameter" in the 
original model was sequentially replaced with the total tumor 
volume, total tumor surface area, and sphericity, following the 
same modeling process. The results showed that the AUCs 
for models based on total tumor volume, total tumor surface 
area, and sphericity were 0.835, 0.839, and 0.816, respectively. 
Notably, the AUCs for models using total tumor volume and 

total surface area were 0.835 and 0.839, respectively, which 
were slightly higher compared to that of the original model 
(AUC=0.832) (see Table 5).
ROC curves and nomograms were plotted for each alternative 
indicator (see Figures 9 and 10). The optimal cut-off value of 
total tumor surface area for predicting LLNM was 4.6295 cm², 
yielding a sensitivity of 49.7% and a specificity of 82.3%, with 
an AUC of 0.689 (95% CI: 0.616-0.762). Patients with a total 
tumor surface area exceeding this threshold should be alerted 
to a higher risk of LLNM.

Maximum Tumor Diameter

Central Compartment Metastasis

Nodule Location (Recoded)

Preoperative TSH (Recoded)

Total Tumor Volume

Total Tumor Surface Area

Sphericity

Predicted Probability (Diameter)

Predicted Probability (Surface Area)

Predicted Probability (Volume)

Predicted Probability (Sphericity)

Reference Line

ROC Curve
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Figure 9. ROC curves of individual factors and the prediction model 
for predicting lateral cervical lymph node metastasis.

A

Points

Total Tumor Surface Area (cm²)

Central LN Metastasis

Nodule Location

Preoperative TSH

Total Points

Risk

Figure 10: Nomogram model constructed based on significant new 
variables in the multivariate analysis.

A

Note: The coding for categorical variables is as follows: Central Com-
partment Metastasis (0 = No, 1 = Yes); Nodule Location (1 = Upper, 2 = 
Middle, 3 = Lower); Preoperative TSH (1 = Low, 2 = Normal, 3 = High). 

Maximum tumor diameter, total tumor volume, total tumor sur-
face area, and sphericity provide complementary multidimen-
sional information: maximum diameter serves as the classic 
one-dimensional indicator of linear growth; total tumor vol-
ume quantifies the overall tumor burden, which may be more 
directly related to metastatic potential; total tumor surface 
area characterizes the contact interface between the tumor 
and its microenvironment (blood vessels, lymphatic vessels) 
and is theoretically more closely associated with invasion and 
metastasis; sphericity reflects the morphological irregularity 
of the dominant tumor focus, potentially indicating more ag-
gressive growth. Although these metrics are computationally 
related, they individually characterize the tumor's size, burden, 
interface, and shape features, holding independent biological 
significance. We regard them as a set of geometric candidate 
predictors to verify their incremental predictive value relative 
to maximum diameter indicators.
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A baseline model was constructed based on maximum tumor 
diameter, central compartment metastasis, nodule location, 
and preoperative TSH, with each three-dimensional parameter 
subsequently added for comparison. The results revealed that 
the AUC of all combined models did not exceed that of the 
"Predicted probability (surface area sum)" model (AUC=0.839) 
(Figure 11, Table 6). This model incorporated only the core 
three-dimensional parameter. This model achieved the highest 
sensitivity (87.7%) and accuracy (84.0%) while maintaining 
stable specificity (74.2%), and its AUC was also superior to 
that of the baseline model (0.839 vs. 0.832). The performance 
of other models containing three-dimensional parameters was 
comparable but did not surpass it, suggesting that three-di-
mensional parameters—especially surface area sum—already 
possess promising independent predictive potential.

Factor / Model Indicator Sensitivity (%) Specificity (%) Accuracy (%) AUC 95% CI P Value

Maximum Tumor 
Diameter 83.8 67.7 79.6 0.687 0.613–0.761 <0.001

Central LN Metastasis 49.7 79.0 63.0 0.758 0.682–0.833 <0.001
Nodule Location 

(Recoded) 32.4 85.4 46.0 0.617 0.538–0.697 0.006

Preoperative TSH 
(Recoded) 92.2 21.0 73.8 0.561 0.474–0.648 0.152

Total Tumor Volume 48.6 82.3 58.3 0.678 0.604–0.752 <0.001
Total Tumor Surface Area 49.7 82.3 58.9 0.689 0.616–0.762 <0.001

Sphericity 52.5 74.2 58.8 0.646 0.567–0.724 0.001
Model 

(Based on Diameter) 86.6 74.2 83.4 0.832 0.766–0.898 <0.001

Model 
(Based on Surface Area) 87.7 74.2 81.0 0.839 0.774–0.903 <0.001

Model 
(Based on Volume) 86.0 74.2 83.0 0.835 0.770–0.899 <0.001

Model 
(Based on Sphericity) 82.1 74.2 80.1 0.816 0.748–0.884 <0.001

Table 5. Predictive value of individual factors and combined model indicators for lateral cervical lymph node metastasis.A
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Predicted Probability (Baseline)
Predicted Probability (Surface Area)
Predicted Probability (Volume)
Predicted Probability (Sphericity)
Predicted Probability (Baseline + Volume)
Predicted Probability (Baseline + Surface Area)
Predicted Probability (Baseline + Sphericity)
Predicted Probability (Baseline + V + S)
Predicted Probability (Baseline + V + Sp)
Predicted Probability (Baseline + S + Sp)
Predicted Probability (Baseline + V + S + Sp)
Reference Line

Figure 11. ROC Curves of the New Predictive Model for Lateral Lymph 
Node Metastasis.

A

Note: Key indicators are highlighted in bold for emphasis.

To further validate the incremental predictive value of three-di-
mensional geometric parameters, this study adopted a train-
ing-test set split strategy (70%/30%) to redevelop and sys-
tematically compare 11 prediction models. It should be noted 
that while the specific numerical results obtained from this 

validation approach differ from those derived from the Stage 1 
full-dataset analysis, the core conclusions remain consistent, 
reflecting the generalization performance of the models in an 
independent test set.
In the test set, the model with the highest AUC was the “Basic 
+ Volume” model (AUC = 0.8475, 95% CI: 0.7521–0.9428). Al-
though its point estimate of AUC was marginally higher than 
that of the basic model (AUC = 0.8455), the difference was not 
statistically significant (Delong test, adjusted P = 1.000) (Table 
7). This finding suggests that adding total tumor volume to 
the maximum diameter may provide modest complementary 
information in quantifying tumor burden, thereby achieving fa-
vorable discriminative performance within this dataset.
From a clinical perspective, the lack of statistical significance 
indicates that the basic model—which relies on the more read-
ily available maximum tumor diameter—achieves predictive 
performance comparable to the more complex model incorpo-
rating total tumor volume. However, the slightly higher AUC of 
the “Basic + Volume” model suggests that total tumor volume 
may capture additional information related to overall tumor 
burden in multifocal cases, which could be clinically valuable 
when preoperative assessment aims to maximize predictive 
accuracy. Thus, model selection can be tailored to clinical 
priorities: the basic model offers simplicity and ease of use, 
making it a more practical alternative for general application, 
while the “Basic + Volume” model may be considered when a 
marginally higher discriminative performance is desired, par-
ticularly in patients with multifocal disease. By incorporating 
only four routine variables, the basic model achieves nearly 
equivalent discriminative efficacy (AUC difference: 0.002) 
while substantially enhancing generalizability and operational 
feasibility.

Discussion

Surgery is the primary treatment for papillary thyroid carci-
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Notes: Baseline model predictors: Maximum tumor diameter, central compartment metastasis, nodule location, preoperative TSH.

*Note: Adjusted P-values were calculated using the Bonferroni correction for multiple comparisons; the significance threshold was set at P < 0.05.

Model Indicator Sensitivity (%) Specificity (%) Accuracy (%) AUC 95% CI P Value

Predicted Probability 
(Baseline) 86.6 74.2 83.3 0.832 0.766–0.898 <0.001

Predicted Probability 
(Surface Area) 87.7 74.2 84.0 0.839 0.774–0.903 <0.001

Predicted Probability 
(Volume) 86.0 74.2 82.9 0.835 0.770–0.899 <0.001

Predicted Probability 
(Sphericity) 82.1 74.2 80.4 0.816 0.748–0.884 <0.001

Predicted Probability 
(Baseline + Volume) 87.7 74.2 84.0 0.833 0.768–0.899 <0.001

Predicted Probability 
(Baseline + Surface Area) 86.6 74.2 83.3 0.835 0.769–0.901 <0.001

Predicted Probability 
(Baseline + Sphericity) 86.0 75.8 83.5 0.829 0.762–0.896 <0.001

Predicted Probability 
(Baseline + V + S) 86.6 74.2 83.3 0.834 0.768–0.900 <0.001

Predicted Probability 
(Baseline + V + Sp) 86.6 75.8 83.9 0.833 0.767–0.899 <0.001

Predicted Probability 
(Baseline + S + Sp) 87.7 74.2 84.0 0.835 0.769–0.900 <0.001

Predicted Probability 
(Baseline + V + S + Sp) 87.2 74.2 84.0 0.835 0.769–0.900 <0.001

Table 6. Predictive value of various prediction model indicators for lateral cervical lymph node metastasis.

Table 7. Delong Test Results for Key Model Comparisons.

A

A
Comparison Group Model A AUC Model B AUC AUC Difference Raw P-value Adjusted P-value Conclusion

Basic model vs. Sur-
face area substitution 0.8455 0.8426 0.0029 0.807 1.000 No significant 

difference
Basic model vs. 

Volume substitution 0.8455 0.8397 0.0058 0.622 1.000 No significant 
difference

Basic model vs. 
Basic + Volume 0.8455 0.8475 0.0019 0.818 1.000 No significant 

difference
Basic model vs. Basic 

+ Surface area 0.8455 0.8397 0.0058 0.714 1.000 No significant 
difference

Surface area 
substitution vs. 

Volume substitution
0.8426 0.8397 0.0029 0.478 1.000 No significant 

difference

Surface area 
substitution vs. Basic 
+ All 3D parameters

0.8426 0.8124 0.0302 0.305 1.000 No significant 
difference

Basic model vs. Basic 
+ All 3D parameters 0.8455 0.8124 0.0331 0.297 1.000 No significant 

difference

noma (PTC). Accurate preoperative assessment of lateral 
cervical lymph node metastasis (LLNM) status is crucial for 
determining the extent of lymph node dissection, which direct-
ly impacts surgical complications (such as recurrent laryngeal 
nerve injury [24], hypoparathyroidism [25], chylous leakage [26], 
etc.) and patients' quality of life.
This study collected data from PTC patients across two cen-
ters. Based on three indicators—maximum tumor diameter, 
central compartment lymph node metastasis status, and nod-
ule location—an individualized prediction model for LLNM was 
developed. The model demonstrated good predictive perfor-
mance (AUC=0.832) and calibration. Decision curve analysis 
confirmed its clinical utility.

To further enhance and compare performance, this study con-
structed multiple models, including multivariate logistic regres-
sion and seven machine learning algorithms. A comprehensive 
comparison revealed that after threshold optimization, the 
Logistic Regression model performed optimally at a threshold 
of 0.6, making it suitable for decision-making scenarios em-
phasizing specificity. The LightGBM model performed best at 
a threshold of 0.3, rendering it more appropriate for high-sen-
sitivity screening. Considering all evaluation metrics, Logistic 
Regression was identified as the optimal prediction model.
Furthermore, this study innovatively introduced three-dimen-
sional morphological parameters. For multifocal PTC, the total 
tumor volume and total tumor surface area were calculated. 
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Models based on total tumor surface area (AUC=0.839) or 
total tumor volume (AUC=0.835) showed slightly higher pre-
dictive performance than the model based on maximum diam-
eter (AUC=0.832). When the total tumor surface area exceeds 
4.6295 cm², a high risk of LLNM should be strongly suspected. 
This finding validates the hypothesis that three-dimensional 
morphological parameters possess complementary discrimi-
natory power, providing a new basis for clinical assessment.
Maximum tumor diameter reflects only unidimensional linear 
growth and does not accurately quantify total tumor burden 
or the true spatial configuration of multifocal lesions. Total 
tumor volume directly represents the overall tumor cell load, 
and its association with metastatic potential may be stronger 
than that of maximum diameter alone in multifocal PTC. Total 
surface area more closely approximates the interface between 
the tumor and surrounding lymphatic and vascular pathways. 
A larger surface area may provide greater opportunity for tu-
mor cells to breach the basement membrane and invade the 
vasculature, thus serving as a more direct indicator of invasive 
potential. Sphericity, as a morphological descriptor, offers a 
novel perspective for evaluating tumor growth patterns, with 
irregular morphology often suggesting enhanced proliferative 
activity and aggressive behavior.
Although the inclusion of three-dimensional parameters did 
not significantly improve the AUC of the basic model, both the 
“Surface area substitution” and “Volume substitution” models 
demonstrated predictive performance comparable to that of 
the basic model, with no statistically significant differences. 
These findings indicate that the predictive information em-
bedded in three-dimensional parameters—particularly total 
surface area—largely encompasses that conveyed by unidi-
mensional maximum diameter, conferring independent and 
equivalent discriminative capacity. Accordingly, total surface 
area derived from 3D imaging reconstruction holds promise 
as a preoperative predictive biomarker. It is at least equivalent 
to, and potentially provides more information than, maximum 
tumor diameter. It may facilitate risk assessment and guide 
individualized surgical decision-making, underscoring its clear 
potential for clinical translation.
In summary, this study advances the exploration from “unidi-
mensional metrics” to the refinement of “three-dimensional 
geometric characterization.” The results demonstrate that 
three-dimensional geometric parameters—especially total 
surface area—more comprehensively elucidate metastatic risk 
across dimensions such as tumor burden, interfacial effects, 
and growth morphology. These findings establish them as 
valuable complementary predictors of lateral cervical lymph 
node metastasis in PTC. Future research should validate their 
robustness in prospective, multicenter cohorts and investigate 
their integrated application with radiomic features and molec-
ular markers.

Analysis of Predictive Factors
This study confirms that the maximum tumor diameter is an 
independent predictive factor for LLNM, consistent with pre-
vious research [27-30]. Larger tumor diameters are typically 
associated with greater invasiveness and a higher risk of me-
tastasis. Central compartment lymph node metastasis was 
also confirmed as a robust predictive indicator [31-32]. As the 
primary lymphatic drainage site, its status effectively reflects 
the tumor's metastatic propensity. However, in some cases, 

patients may exhibit skip metastasis: negative central lymph 
nodes with positive lateral lymph nodes [33-34], which can be 
easily missed during preoperative evaluation and surgery [35].
The influence of tumor location on metastasis risk may be re-
lated to anatomical differences in lymphatic drainage [27, 36-
37]. The results of this study indicate that when the total tumor 
surface area exceeds 4.6295 cm², patients face a significantly 
increased risk of LLNM. This threshold can serve as an effec-
tive early-warning indicator.

Model Comparison and Strengths
Compared to previous studies, the strengths of our model in-
clude: 1) It integrates multiple independent predictive factors 
to provide individualized risk assessment; 2) Visualization 
through a nomogram facilitates direct clinical application; 3) 
Comprehensive validation of model performance using various 
statistical methods; and 4) Systematic comparison of multiple 
machine learning algorithms, revealing their respective appli-
cation potentials.

Clinical Significance and Application
The prediction model and nomogram tool developed herein 
can assist clinicians in more accurately assessing the risk of 
lateral cervical lymph node metastasis preoperatively, thereby 
facilitating the formulation of individualized surgical plans. 
For patients identified as high-risk by the model, therapeutic 
or prophylactic lateral neck dissection may be considered. For 
low-risk patients, overtreatment can be potentially avoided.

Study Limitations and Future Directions
This study is a dual-center investigation with a limited sam-
ple size; therefore, its conclusions require further validation 
through multicenter, prospective studies with larger cohorts. 
Future research could integrate multi-dimensional information 
such as radiomics and circulating tumor markers [29, 38-40] 
to enhance predictive accuracy. Despite these limitations, this 
study successfully developed and validated a prediction model 
based on readily available clinical indicators. It demonstrates 
good predictive performance and clinical utility, providing a 
valuable reference for individualized preoperative lymph node 
assessment in PTC patients.

Conclusion

In this study, an effective clinical prediction model for as-
sessing lateral lymph node metastasis risk was successfully 
developed using readily available clinical indicators, demon-
strating good predictive performance and clinical utility. This 
model, based on four routine variables (maximum tumor di-
ameter, central lymph node metastasis, nodule location, and 
preoperative TSH), is well-suited for widespread application 
across various clinical settings—from primary hospitals where 
advanced imaging resources may be limited to tertiary referral 
centers seeking rapid, standardized risk stratification. The in-
corporation of three-dimensional morphological parameters—
particularly total tumor surface area and total tumor volume—
shows promising potential for enhancing risk assessment in 
multifocal papillary thyroid carcinoma. However, these findings 
require further validation in prospective, multicenter cohorts 
before clinical implementation. Additionally, the relatively com-
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plex measurement procedures and the need for automated 
tools currently limit the widespread applicability of three-di-
mensional parameters. Future efforts should focus on devel-
oping efficient, automated measurement tools to facilitate 
clinical translation.
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Abstract

Objective: To investigate the etiology of difficult decannulation in patients with long-term tracheostomy following brain-related diseases, and to 
explore the preoperative examination and assessment, selection of surgical indications, surgical and postoperative management methods. This 
aims to provide a scientific basis for facilitating successful decannulation, improving patients' quality of life, and guiding clinical practitioners in 
the management of such cases.
Methods: A retrospective analysis was conducted on 27 patients who were hospitalized in our department from May to December 2025 and had 
experienced failed decannulation after long-term tracheostomy. Preoperative examination and assessment included electronic laryngoscopy and 
laryngotracheal CT three-dimensional reconstruction. Electronic laryngoscopy was simultaneously used to assess swallowing function, includ-
ing the Penetration-Aspiration Scale score, Murray Secretion Scale score, vallecula and pyriform sinus residue grading, and swallowing disability 
grading and classification. The surgical procedure involved endoscopic-assisted resection of laryngeal and tracheal granulation tissue via a sup-
porting laryngoscope under general anesthesia.
Results: The primary cause of laryngotracheal stenosis leading to decannulation failure in patients with long-term tracheostomy due to brain 
diseases was obstruction from granulation tissue hyperplasia within the larynx and trachea, followed by restricted bilateral vocal cord abduction. 
Based on detailed preoperative examinations and assessments, all 27 patients in this group were deemed suitable candidates for surgery. They 
successfully underwent endoscopic-assisted resection of laryngeal and tracheal granulation tissue via a supporting laryngoscope under general 
anesthesia without any complications. Decannulation was successfully achieved in all patients within 7 to 10 days postoperatively.
Conclusions: 1) Electronic fiberoptic laryngoscopy and laryngotracheal CT three-dimensional reconstruction are effective methods for preopera-
tive examination and evaluation. 2) Appropriate surgical candidates can be selected based on these two examinations. 3) Endoscopic-assisted 
resection of laryngotracheal granulation lesions via a supporting laryngoscope under general anesthesia is a safe and effective method to re-
solve decannulation difficulties in such patients.
Keywords: Brain; Diseases tracheotomy; Laryngotracheal stenosis; Difficult decannulation
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Introduction

Brain-related diseases such as cerebral hemorrhage, brain 
tumor postoperative states, and traumatic brain injury often 
lead to weakened respiratory function or difficulty breathing, 
necessitating tracheotomy. Since these brain conditions fre-
quently result in prolonged coma or impaired consciousness, 
treatment and rehabilitation periods are extended, requiring 
long-term cannulation to maintain airway patency. When pa-
tients' brain conditions stabilize and they enter the rehabilita-
tion phase, long-term cannulation inevitably poses significant 
challenges to recovery and nursing care, severely impacting 

the quality of life for both patients and their families. Decannu-
lation becomes essential. However, due to prolonged cannula-
tion, some patients cannot undergo decannulation smoothly. 
This article aims to investigate the causes of decannulation 
difficulties, preoperative examination and assessment, selec-
tion of surgical indications, and surgical and postoperative 
management strategies for patients with long-term tracheos-
tomy cannulation following brain-related diseases, through a 
retrospective analysis of 27 cases admitted to our department 
between May and December 2025. The goal is to facilitate 
successful decannulation, improve patients' quality of life, and 
provide scientific evidence for clinicians managing such cases.
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Materials and Methods

Patients
From May to December 2025, our department treated 27 
patients who failed decannulation after tracheotomy due to 
brain-related diseases. Among them, 18 were male and 9 were 
female, aged ranging from 17 to 84 years, with a mean age of 
47.52 ± 17.20 years. In our study cohort, obstructions were 
primarily localized at the previous tracheostomy stoma site. 
The duration of cannulation ranged from 1 to 15 months, with 
a mean duration of 5.19 ± 4.08 months. The primary brain dis-
eases included cerebral hemorrhage (16 cases), brain tumor (2 
cases), cerebral infarction (1 case), and severe traumatic brain 
injury (8 cases), as shown in Table 1.

Decannulation
We defined successful extubation as the lack of need for re-
intubation within 24 hours of successful tracheostomy tube 
withdrawal.
Occlusion protocol: The patient needs to switch to an airless 
catheter (or with the airbag completely deflated) and undergo 
a 24-hour full occlusion test throughout the day.
Objective respiratory indicators: During the occlusion period, 
the patient must maintain a resting blood oxygen saturation 

Baseline 
Data Sex Age Mean Age 

("x" ±s) Primary Disease Tube indwelling 
time(month)

Average Tube 
Indwelling Time

 ("x" ±s)
Zeng** male 51

47.52±17.20

Cerebral Artery Stenosis 3 +

5.19±4.08

Tang* male 45 Brainstem Hemorrhage 12 +
Li** female 51 Brainstem Hemorrhage 3 +

Lai** male 26 Intracerebral Hemorrhage 2 +
Lin** male 71 Intracerebral Hemorrhage 3 +
Xie** male 61 Cerebral Infarction 3 +
Yu** male 37 Traumatic Brain Injury 2 +

Huang** male 27 Intracerebral Hemorrhage 5 +
Chen** female 61 Intracerebral Hemorrhage 3 +
Jin** female 55 Intracerebral Hemorrhage 3 +

Chen** female 17 Brainstem tumor 10 +
Lai** male 69 Intracerebral Hemorrhage 2 +
Ye** male 62 Intracerebral Hemorrhage 2 +

Zhang** male 43 Intracerebral Hemorrhage 5 +
Zeng** female 58 Traumatic Brain Injury 11 +

Xie* male 65 Traumatic Brain Injury 11 +
Hu** female 19 Intracerebral Hemorrhage 1 +
Liu** male 19 Traumatic Brain Injury 5 +

Feng** male 46 Intracerebral Hemorrhage 10 +
Luo** female 43 Intracerebral Hemorrhage 5 +
Wu** male 56 Traumatic Brain Injury 3 +
Su** male 44 Traumatic Brain Injury 1 +

Ran** male 42 Intracerebral Hemorrhage 1 +
Li* male 37 Brainstem Hemorrhage 8 +

Deng** female 32 Traumatic Brain Injury 10 +
Lu** female 84 Intracerebral Hemorrhage 1 +

Kang** male 62 postoperative brain tumor 15 +

Table 1. Baseline Characteristics of Patients with Laryngotracheal Stenosis.A

(SpO2) of >90% without oxygen inhalation, and there should be 
no symptoms such as breathing difficulty, wheezing, or exces-
sive sweating.
Failure criteria: If the patient experiences a sustained SpO2 be-
low 90% after occlusion or tube removal, develops respiratory 
distress, severe wheezing sounds, requires reopening of the 
airway, or reinsertion of the tracheal tube, it is considered a 
failed tube removal.
Long-term tracheostomy: tube dependency for over 30 days.

Surgical Intervention
All surgical interventions were performed under general anes-
thesia. The airway lesions were exposed utilizing a suspension 
laryngoscope. Granulation tissue excision was performed us-
ing low-temperature plasma coblation, and precise hemosta-
sis was achieved intraoperatively via plasma radiofrequency 
ablation. Regarding the ventilation strategy, standard positive 
pressure ventilation was maintained through the pre-existing 
tracheostomy tube or via an endotracheal tube placed directly 
through the stoma, without the need for high-frequency jet ven-
tilation.
For the postoperative decannulation pathway, routine endo-
scopic re-evaluation was not performed. Instead, decannula-
tion decisions were guided by a strict clinical protocol. Once 
postoperative reactive edema was clinically determined to 
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have subsided (typically 2 days post-surgery), patients under-
went a continuous capping trial. Successful decannulation 
was strictly based on objective clinical criteria (stable SpO2 
>90%, and absence of stridor or distress during the occlusion 
trial), rather than anatomic visualization via post-operative en-
doscopy.

Fiberoptic Endoscopic Evaluation of Swallowing (FEES)
Evaluation Method: Fiberoptic Endoscopic Evaluation of Swal-
lowing (FEES) was performed for all participants in this study.
Test Boluses and Procedure: Three bolus consistencies were 
utilized during the assessment: low-viscosity (thin liquid), 

Table 2. Electronic Laryngoscopy Assessment Form for Patients with Laryngotracheal StenosisA

Baseline 
Data

Swallowing Impair-
ment Score

 (Residue Rating)  - 
Adduction

Swallowing Im-
pairment Score

 (Residue Rating)  
- Abduction

Swallowing Impairment Score
 (Residue Rating) 

Penetration-As-
piration Scale  

(PAS) 

Percentage 
of Airway 
Occlusion  

(%) 

Zeng * * left: normal
right: normal

left: normal
right: normal

Dysphagia (not have) valleculae: Tra-
cePyriform Sinus: Trace 1 80

Tang * * left: reduce
right: reduce

left: normal
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
5 70

Li * * left: reduce
right: reduce

left: reduce
right: reduce

Dysphagia (Oropharyngeal Phase) 
valleculae: TracePyriform 

Sinus: Mild
5 80

Lai * * left: normal
right: normal

left: normal
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: TracePyriform 

Sinus: Trace
4 100

Lin * * left: normal
right: fixed

left: normal
right: fixed

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Trace
6 70

Xie * * left: reduce
right: reduce

left: reduce
right: reduce

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Moderate
4 50

Yu * * left: reduce
right: reduce

left: reduce
right: reduce

Dysphagia (Oropharyngeal Phase) 
valleculae: ModeratePyriform Sinus: 

Moderate
4 100

Huang * * left: reduce
right: normal

left: reduce
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: ModeratePyriform Sinus: 

Moderate
6 90

Chen * * left: reduce
right: reduce

left: reduce
right: reduce

Dysphagia (Oropharyngeal Phase) 
valleculae: TracePyriform 

Sinus: Trace
5 90

Jing * * left: reduce
right: reduce

left: reduce
right: reduce

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
4 80

Chen * * left: reduce
right: reduce

left: reduce
right: reduce

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Moderate
4 95

Lai * * left: fixed
right: reduce

left: fixed
right: reduce

Dysphagia (Not assessed) 
valleculae: MildPyriform 

Sinus: Mild
/ 60

Ye * * left: fixed
right: normal

left: fixed
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
4 60

Zhang * * left: reduce
right: reduce

left: reduce  
right: reduce

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
2 50-55

medium-viscosity (thick liquid), and high-viscosity (paste). All 
boluses were tinted with green additives (e.g., natural spinach 
juice) to enhance visualization and contrast during the endo-
scopic procedure.

Preoperative Examination and Assessment
The results of electronic laryngoscopy and swallowing func-
tion assessment are presented in Table 2. Three-dimensional 
reconstruction images of the laryngotracheal CT are shown in 
Figure 1. Preoperative and postoperative images of laryngos-
copy are shown in Figure 2 and Figure 3.
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Zeng * * left: reduce
right: reduce

left: normal  
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
5 98

Xie * * left: reduce
right: reduce

left: normal  
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
5 50

Hu * * left: reduce
right: reduce

left: normal  
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
4 70

Liu * * left: reduce
right: reduce

left: normal  
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
5 40

Feng * * left: reduce
right: reduce

left: normal  
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: SeverePyriform 

Sinus: Severe
7 70-75

Luo * * left: normal
right: normal

left: normal  
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: ModeratePyriform Sinus: 

Moderate
4 55-60

Wu * * left: reduce
right: reduce

left: reduce
right: reduce

Dysphagia (Oropharyngeal Phase) 
valleculae: ModeratePyriform Sinus: 

Moderate
6 100

Su * * left: normal
right: normal

left: normal  
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
4 40

Ran * * left: reduce
right: reduce

left: normal 
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
4 /

Li * left: reduce
right: reduce

left: normal  right: 
normal

Dysphagia (Oropharyngeal Phase) 
valleculae: ModeratePyriform Sinus: 

Moderate
6 60-65

Deng * * left: reduce
right: reduce

left: normal  
right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
5 100

Lu * * left: reduce
right: reduce

left: normal 
 right: normal

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
4 90

Kang * * left: reduce
right: reduce

Unable to abduct, 
fixed in the para-
median position

Dysphagia (Oropharyngeal Phase) 
valleculae: MildPyriform 

Sinus: Mild
3 /

Figure 1. Laryngotracheal CT Image.A
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Surgical Indication Selection
Patients with long-term tracheostomy tube dependence after 
tracheotomy, whose primary disease does not cause dyspnea, 
but who have failed multiple tube occlusion attempts or at-
tempted extubation.

1) Electronic laryngoscopy reveals good mobility of both 
or at least one vocal cord, with laryngeal or tracheal granu-
lation tissue obstructing > 50% of the tracheal lumen, and 
normal mouth opening.
2) Electronic laryngoscopy indicates a penetration-aspira-
tion score ≤ 4 points and a swallowing impairment assess-
ment score < 3 points.
3) Three-dimensional reconstruction of laryngotracheal CT 
shows soft tissue.
4) Obstruction above the tracheostomy site.
5) The patient or their family strongly requests extubation.
6) Other surgical contraindications are excluded.

All patients underwent endoscopic-assisted laryngotracheal 

Figure 2. Preoperative images of laryngoscopy.A

Figure 3. Postoperative images of laryngoscopy.A

granuloma resection under general anesthesia with suspen-
sion laryngoscopy. The procedures were successfully com-
pleted without complications. All patients achieved successful 
tube occlusion and decannulation within 7 to 10 days postop-
eratively.

Result

Causes of Laryngotracheal Stenosis in Patients with Long-
Term Tracheostomy Tube Dependence After Brain Disease
Laryngotracheal Granulation Tissue Hyperplasia Obstructing 
the Trachea
In this cohort of 27 patients, 26 cases (96.3%) were attributed 
to laryngotracheal granulation tissue hyperplasia obstructing 
the trachea, leading to extubation failure. All these patients 
achieved successful decannulation after surgical intervention.

Impaired Bilateral Vocal Cord Abduction
Only 1 patient (3.7%) in the cohort experienced extubation fail-
ure due to bilateral vocal cord fixation with impaired abduction.

Endoscopic-Assisted Laryngotracheal Granuloma Resection 
Under General Anesthesia: A Safe and Effective Approach
Endoscopic-assisted laryngotracheal granuloma resection un-
der general anesthesia with suspension laryngoscopy proved 
to be a safe and effective method for resolving extubation 
difficulties in such patients. The procedures were completed 
successfully without complications.

Discussion

Impact of Long-Term Tracheostomy Tube Dependence on Pa-
tients' Quality of Life
Tracheostomy tubes significantly impair fundamental life func-
tions, including respiration, swallowing, and nutritional intake. 
Prolonged tube retention can lead to excessive secretions 
or complications such as tracheal obstruction, exacerbating 
patient discomfort [1]. Multiple studies indicate a substantial 
decline in quality of life among patients with long-term trache-
ostomy tube dependence [2-3]. This phenomenon, described 
as "severely compromised quality of life," is particularly evident 
in patients with extended tube dependence (e.g.3-12 months), 
showing a significant gap compared to non-tracheostomy 
patients [5]. The detrimental effects manifest across multiple 
dimensions, as summarized below:

Swallowing and Respiratory Functions
After tracheostomy tube placement, patients frequently expe-
rience dysphagia (reported in 44% of cases), dyspnea, pain, 
and restricted mobility [4]. Pediatric patients may face devel-
opmental delays and neurocognitive impairments [5].In terms 
of respiratory mechanics, long-term tube dependence alters 
breathing function. For instance, tracheostomy reduces airway 
resistance, decreasing respiratory work but potentially leading 
to respiratory muscle atrophy due to disuse. In patients re-
quiring prolonged mechanical ventilation, the tube’s persistent 
presence can cause structural damage to the trachea, such 
as scar formation, tracheal stenosis, or malacia [6]. Complica-
tions like tube displacement or blockage may precipitate acute 
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respiratory failure [7], while tube malposition or barotrauma 
can cause pneumomediastinum as air leaks into surround-
ing tissues, compressing the airway [8].Studies also indicate 
weakened pharyngeal reflexes and increased gastroesopha-
geal reflux (p < 0.05) in long-term tube-dependent patients, el-
evating aspiration risks and secondary pneumonia [9]. Difficult 
decannulation is common: one study found that although 57% 
of patients achieved short-term decannulation, 32% required 
reinsertion within two years due to respiratory issues, suggest-
ing incomplete functional recovery. These factors contribute to 
sustained reliance on mechanical ventilation support [10].

Respiratory Infections
From a physiological perspective, tracheostomy alters the nor-
mal anatomy and function of the respiratory tract, compromis-
ing the warming, humidifying, and filtering capabilities of the 
upper airways. This allows inhaled air to directly enter the low-
er respiratory tract, leading to dryness of the airway mucosa 
and thickened secretions. Long-term tube retention can induce 
chronic inflammation in the respiratory tract, thereby increas-
ing the risk of pulmonary infections. A retrospective cohort 
study demonstrated that among patients with severe traumat-
ic brain injury, the incidence of pulmonary infections following 
tracheostomy reached as high as 26.85% [11]. Frequent respi-
ratory infections not only cause physical discomfort but may 
also lead to increased hospitalizations and healthcare costs, 
further impairing patients' quality of life. 

Impact of Long-Term Tracheostomy Tube Dependence on Pa-
tients' Psychological and Social Functioning
Long-term tracheostomy tube dependence frequently leads to 
psychological disturbances, including diminished self-esteem, 
anxiety, stress, and depression. Communication barriers-par-
ticularly the inability to speak normally-directly undermine 
self-image and social adaptability. Anxiety and depression are 
the most prevalent psychological issues in this population. A 
study of 89 patients recorded pre-intervention scores of SAS: 
56.78 ± 6.42 and SDS: 57.62 ± 7.12, both significantly exceed-
ing normal thresholds, indicating widespread moderate-to-se-
vere anxiety and depressive symptoms. The visible tracheosto-
my tube on the neck acts as a social stigma, further inhibiting 
social interaction [12]. Due to the need for frequent stoma 
care, infection concerns, fear of negative social perceptions, 
and general functional decline, patients often progressively re-
duce social activities.

Impact of Long-Term Tracheostomy Tube Dependence on 
Family and Economic Burden
For patients with long-term tracheostomy tube dependence, 
the challenges extend beyond health issues to significant fam-
ily and economic burdens. In addition to direct medical costs, 
prolonged tube retention often leads to reduced or complete 
loss of labor capacity, resulting in decreased household in-
come. Simultaneously, caregivers may be forced to leave their 
jobs to provide full-time care, further exacerbating financial 
strain. The uncertainty of the patient’s condition, potential 
complications (e.g., tube blockage or infection), and concerns 
about long-term quality of life contribute to chronic psycho-
logical stress among family members, manifesting as anxiety, 
depression, and emotional exhaustion. This psychological 
burden not only affects caregivers’ well-being but may also in-

directly hinder the patient’s recovery process by compromising 
the quality of home care. 

Reasons for Difficult Decannulation in Patients with Brain 
Diseases After Long-Term Tracheostomy
Laryngotracheal stenosis (LTS) is a major cause of decan-
nulation failure. It can result from iatrogenic injury, trauma, 
infection, autoimmune diseases, or congenital anomalies, with 
prolonged endotracheal intubation or tracheostomy being the 
most common predisposing factors. Stenosis typically occurs 
in the subglottic region or cervical trachea, primarily due to 
abnormal mucosal repair and fibrosis following mechanical 
injury. In the present case series, granulation tissue hyperpla-
sia obstructing the tracheal lumen was the leading cause of 
decannulation failure in 26 patients (96.3%), while only 1 case 
(6.7%) resulted from bilateral vocal fold immobility.

Clinical Management
1.Detailed history taking to assess whether the primary brain 
disease is stable and whether the patient or family members 
have a strong desire for decannulation.
2.Preoperative electronic laryngoscopy to comprehensively 
evaluate swallowing function, including grading of penetration 
and aspiration, secretions scale scoring, and documentation 
with photos and videos. Simultaneously, laryngotracheal CT 
three-dimensional reconstruction is performed to quantify the 
degree of stenosis or obstruction.
3.Strict adherence to indication criteria for surgical interven-
tion. All patients underwent endoscopic-assisted laryngo-
tracheal granuloma resection under general anesthesia with 
suspension laryngoscopy. The procedures were completed 
successfully without complications. Decannulation was 
achieved within 7-10 days postoperatively in all cases.
Finally, due to the retrospective nature of this study, specific 
details regarding baseline airway management-such as pre-
cise tracheostomy tube sizes, cuff management protocols, 
and the exact duration of prior endotracheal intubation were 
inconsistently documented in the historical medical records 
and could not be analyzed. Future prospective studies are war-
ranted to evaluate the impact of these specific variables on 
decannulation outcomes.

Conclusion

In conclusion, electronic fiberoptic laryngoscopy and laryngo-
tracheal CT three-dimensional reconstruction serve as reliable 
preoperative modalities for examination and evaluation. These 
complementary techniques enable precise selection of suit-
able surgical candidates. Furthermore, endoscopic-assisted 
resection of laryngotracheal granulation lesions via a support-
ing laryngoscope under general anesthesia is demonstrated to 
be a safe and effective approach for addressing decannulation 
difficulties in this patient population.
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