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Abstract
Invasive medical catheters serve as critical conduits for fluid drainage, drug administration, nutritional support, 
airway management, and physiological monitoring. Conventional models, however, function largely as passive 
devices with limited ability to provide information regarding their surrounding tissue conditions or local biological 
environment. The absence of in situ feedback delays the recognition of catheter-associated infections, obstruction, 
extravasation, malposition, and pressure-related injury, increasing the burden on patients and healthcare professionals.  
In this critical narrative review, we focus on representative advances in smart catheter and catheter-associated 
sensing technologies. Diverging from existing literature around engineering sensor modalities, we adopt a clinical 
nursing-focused perspective by anchoring the analysis in application scenarios. We link the clinical nursing 
challenges associated with each catheter category to relevant sensing targets, including impedance, biochemical 
markers, pressure, flow, and positioning information. Current technologies may support earlier risk recognition 
and more structured clinical reassessment; however, most remain at the laboratory, preclinical, or early clinical 
validation stage and should not be regarded as established autonomous care systems. This highlights the potential 
of smart catheters to complement bedside assessment and support timely and individualized catheter management. 
Finally, we outline future priorities for clinical translation and the responsible application of artificial intelligence 
and advanced materials.
Keywords: smart catheters; biosensors; clinical nursing; physiological monitoring; catheter-related complications; 
medical-engineering integration
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Introduction

Healthcare systems rely heavily on the widespread use 
of medical catheters. Serving as the primary physical 
interface between a patient’s internal physiological envi-
ronment and external medical infrastructure, these devices  
are essential for numerous emergency and therapeutic 
procedures. They provide access for enteral nutrition, 
airway support, medication and fluid administration, 
physiological monitoring, and the drainage of urine or 
other bodily fluids. In both intensive care units (ICUs) 
and general wards, catheter placement, surveillance, 
maintenance, and complication prevention account for a 
substantial proportion of daily nursing activities. Driven 
by the rapid development of precision nursing and digital  
health, clinical decision-making is gradually shifting from  
experience-based routines toward earlier, individualized, 
and data-informed interventions supported by continuous  
and objective physiological information[1].

Medical catheters are used on a substantial scale world-
wide. It has been estimated that more than 1.2 billion 
peripheral intravenous catheters (PIVCs) are inserted 
annually[2]. In critical care and other inpatient settings, cen-
tral venous catheters (CVCs), endotracheal tubes (ETTs), 
urinary catheters, and gastrointestinal feeding tubes are 
also routinely used to support treatment delivery, organ 
function, nutritional support, and fluid drainage. Despite 
their clinical necessity, the insertion of foreign materials 
disrupts mucosal and endothelial barriers, predisposing  
patients to various complications. Device-associated infec-
tions, such as catheter-associated urinary tract infections  
(CAUTIs), central line-associated bloodstream infec-
tions (CLABSIs), and ventilator-associated pneumonia 
(VAP), constitute an important component of healthcare- 
associated infections (HAIs)[3]. A recent multicenter 
retrospective observational study further indicated that 
CAUTI was associated with increased hospital length of  
stay and additional healthcare costs[4], while HAIs more  
broadly impose a substantial economic burden on health-
care systems[5]. Furthermore, noninfectious complications,  
including catheter occlusion, thrombosis, pressure- 
related tissue injury, extravasation, leakage, and unin-
tended malposition, may interrupt treatment and increase 
patient morbidity, nursing workload, and healthcare 
costs.

The occurrence of catheter-related complications is mul-
tifactorial and cannot be attributed solely to device design. 
Nevertheless, a major limitation of conventional catheters 
is that they generally function as passive conduits and 
provide little or no information regarding their position, 
patency, surrounding tissue condition, or local biologi-
cal environment. The distal end of the catheter and the 
tissue-catheter interface are often not directly observa-
ble, limiting the nursing staff’s ability to monitor early 
mechanical, physiological, or microbiological changes. 
Currently, clinical practice typically relies on external 
symptoms, scheduled flushing, or delayed laboratory 
cultures to identify complications. When healthcare  
providers observe sluggish flow, fever, localized swelling,  
or external leakage, the underlying obstruction, tissue 
injury, malposition, or infection may already have pro-
gressed. This limitation creates a temporal gap between 
the initiation of a complication and its recognition at the 
bedside.

Smart invasive catheters represent a class of indwelling 
catheter systems that incorporates catheter-integrated 
or catheter-associated sensing, data acquisition, signal 
processing, and, in some cases, responsive or actuating 
functions to provide time-resolved information concerning  
catheter placement, function, or related complications. 
Sensing refers to the acquisition of a physical, chemical, 
or biological signal, whereas monitoring involves the 
longitudinal interpretation of these signals. Actuation 
refers to a device response, such as pressure adjustment 
or controlled release, and a closed-loop system further 
links detected abnormalities with an automated or 
semi-automated intervention. These functions represent 
different levels of technological capability and should 
not be treated as interchangeable concepts. Accordingly, 
endowing catheters with smart sensing capabilities may 
support earlier risk recognition and more targeted clini-
cal reassessment, although most current systems remain 
at the prototype, preclinical, or early clinical validation 
stage. The development of such systems therefore repre-
sents an emerging direction in medical engineering and 
nursing decision support rather than an already estab-
lished model of automated catheter care.

Recently, advancements in flexible electronics, biocom-
patible hydrogels, and miniaturized biosensors have  
facilitated the development of smart catheters. However, 
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many existing technology-focused reviews organize these  
developments primarily according to sensor modality, 
such as electrochemical, piezoresistive, capacitive, or 
optical sensing. Although this classification is useful for 
understanding device design and sensing mechanisms, 
it does not always clarify which bedside problem a 
technology is intended to address or how the resulting 
information could be incorporated into nursing practice. 
Importantly, nursing staff are frequently involved in  
catheter insertion or assistance, position verification, 
routine surveillance, maintenance, complication recog-
nition, documentation, and escalation of care, rather than 
the direct operation of individual sensor components. 
Each type of catheter presents distinct anatomical chal-
lenges and sensing requirements in clinical application, 
as well as different failure modes, assessment priorities, 
and potential nursing responses.

In this critical narrative review, we adopt clinical applica-
tion scenarios as its primary organizational framework. 
Rather than attempting to exhaustively identify all publi-
cations or quantitatively compare device effectiveness, we  
critically examine representative sensing, monitoring, 
positioning, and responsive technologies associated with 
urinary, intravascular, respiratory, gastrointestinal, and 
surgical drainage catheters. By linking catheter-specific 
clinical blind spots with relevant sensing targets and 
technological approaches, this review aims to clarify the 
potential nursing relevance, current development stage, 
and translational limitations of smart catheter systems. 
Particular attention is also given to clinical workflow 
integration, alarm management, patient safety, and the 
evidence required before these technologies can support 
routine nursing decision-making.

Review scope and literature identification

To support this critical narrative review, targeted literature 
searches were conducted in PubMed/MEDLINE and IEEE  
Xplore without a lower publication-date restriction and  
were updated through July 2026. Relevant regulatory- 
agency websites were also searched through July 2026.  
Search terms combined catheter-related terms, including  
“smart catheter,” “urinary catheter,” “vascular catheter,”  
“endotracheal tube,” “nasogastric tube,” “external  
ventricular drain,” and “surgical drain,” with technology- 
related terms, including “sensor,” “biosensor,” “bioim-

pedance,” “pressure,” “flow,” “pH,” “electrochemical,”  
“optical,” “flexible electronics,” “robotic navigation,” 
“responsive coating,” and “closed loop.” Clinically 
oriented terms, including “nursing,” “monitoring,” “com-
plication,” “alarm,” “workflow,” and “patient safety,”  
were also used.

English-language peer-reviewed original studies, reviews,  
conference papers, and authoritative guidance documents  
were considered when they addressed catheter-integrated,  
catheter-associated, positioning, monitoring, or responsive 
technologies relevant to urinary, intravascular, respiratory,  
gastrointestinal, or surgical drainage systems. Original 
studies were prioritized when they described device 
design, sensing targets, validation methods, clinical con-
text, or potential nursing relevance. Reviews were used  
to contextualize clinical complications and enabling tech-
nologies, whereas regulatory guidance documents were 
included to address cybersecurity, interoperability, and 
artificial-intelligence lifecycle considerations. Adjacent-field 
robotic or catheter technologies were included only when  
they provided clearly transferable engineering princi-
ples and were explicitly identified as indirect evidence. 
Technology-focused publications were excluded when 
they did not address an invasive or indwelling catheter 
system, a catheter-associated monitoring platform, or a 
clearly transferable adjacent-field concept, or when they 
provided insufficient information on device design, 
sensing function, or validation. Publications not availa-
ble in English were also excluded.

Because this was a critical narrative rather than a sys-
tematic review, study identification and selection were 
purposive and non-exhaustive, and no formal risk-of-bias 
assessment or quantitative synthesis was undertaken. Tech-
nology maturity was categorized as laboratory prototype,  
preclinical validation, clinical feasibility/pilot, imple-
mented clinical device, or adjacent-field concept.

Representative smart catheter technologies and their 
author-assigned maturity classifications are summarized 
in Table 1. None of the representative technologies was 
classified as an implemented clinical device because 
routine clinical deployment and evidence of improved 
patient outcomes were not demonstrated in the cited 
studies.
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Urinary catheters: monitoring the urological 
interface

Urinary catheters are among the most frequently utilized 
medical devices in hospitalized patients. While essential 
for continuous urinary drainage, they are highly suscep-
tible to bacterial invasion. CAUTI remains an important 
device-associated HAI, and one relevant pathogenic 
mechanism is the formation of crystalline bacterial bio-
films on the catheter surface, a process predominantly 
driven by urease-producing pathogens such as Proteus 
mirabilis. At the microscopic level, Proteus mirabi-
lis secretes urease to hydrolyze urea in the urine into 
ammonia, causing a localized elevation in pH. This alka-
line environment triggers the precipitation of calcium 
and magnesium phosphates, which are subsequently 
encased in bacterially secreted extracellular polymeric 
substances (EPS), forming hard encrustations[31,32]. This 
progression can lead to urinary obstruction, urine reflux, 
and pyelonephritis, potentially contributing to prolonged 
hospitalization. Most clinical signs appear only after 
encrustation is well established, creating a window for 
early biochemical and biophysical detection.

From a nursing perspective, the preventive care of uri-
nary catheters currently depends largely on intermittent 
bedside assessment, including visual inspection of urine 
output, drainage tubing, and collection bags, as well as 
evaluation of catheter patency and patient symptoms. 
To prevent CAUTI and obstruction, early identification 
of abnormal changes associated with infection, encrus-
tation, or reduced drainage is required. Key parameters 
include variations in urine flow and conductivity[6], as well 
as catheter-associated pressure changes[7], which may 
provide early indications of altered urine characteristics 
or impaired catheter drainage before visible leakage or 
complete obstruction occurs. A catheter-associated spec-
troscopic prototype has also demonstrated the feasibility of 
automated assessment of urinary parameters, including  
bilirubin, erythrocytes, pH, protein, specific gravity, and 
urobilinogen[8]. The system was evaluated using 401 
urine samples obtained from 168 patients; therefore, 
prospective bedside studies are still required to confirm 
its performance during continuous catheter use and its 
ability to identify clinically actionable complications. 
These parameters are generally nonspecific and should 

be interpreted together with clinical symptoms, bedside 
assessment, and microbiological findings.

To address these challenges, a Sticker Type Antenna 
for Remote Sensing (STARS) system was developed 
to monitor infection risk markers. Attached to the urine 
bag, this system was designed to measure urine flow rate 
and conductivity for remote monitoring in ICU settings, 
enabling non-contact monitoring of changes potentially 
associated with reduced urine drainage or catheter- 
related complications[6]. Recent advancements have also 
explored the integration of flexible and stretchable sensor 
arrays into the catheter lumen[7]. For instance, a miniaturized 
distributed capacitive pressure sensing array, fabricated 
using polyimide (PI) and flexible polydimethylsiloxane 
(PDMS) substrates, enables continuous mapping of pres-
sure variations along the urethral catheter. Additionally, 
impedance-based sensing platforms have been investi-
gated for the real-time monitoring of biofilm formation 
and dispersal[9–11]. An infection-responsive fluorescent 
sensor placed within the catheter drainage bag has also 
been developed to provide a visual early warning of 
Proteus mirabilis-associated encrustation and impending  
urinary catheter blockage[12]. However, these approaches 
have largely been evaluated under in vitro or experimental 
conditions. Their performance during long-term cathe-
terization, including detection accuracy, warning lead  
time, and false-alert rates, remains to be established in 
patients. These technologies may provide supplemen-
tary information for nursing assessment and catheter 
maintenance, but sensor alerts should not independently 
determine antimicrobial treatment or catheter replace-
ment. Instead, abnormal signals should prompt further 
assessment of catheter patency, tubing position, urine 
characteristics, patient symptoms, and the need for 
microbiological testing according to clinical protocols.

Current research on smart urinary catheters demonstrates 
a trend toward combining sensing with antifouling and 
responsive material strategies. Exposed microelectronic 
sensors are prone to biofouling in complex urinary envi-
ronments, which may result in signal drift or distortion. 
This challenge has motivated interest in combining 
sensor-integrated catheter platforms with antifouling 
interface materials. For example, zwitterionic hydrogel 
coatings can form highly hydrated antifouling interfaces 
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that reduce fibrinogen deposition, biofilm coverage, and  
bacterial swarming on urinary catheter materials[13]. Mul-
tifunctional hydrogel coatings may additionally support  
antimicrobial loading and pH-responsive behavior[14]. 
If incorporated into sensor-integrated catheter systems, 
such antifouling interfaces may help preserve sensing  
performance during prolonged exposure to urine and 
may also support the development of responsive mate-
rial systems. Future responsive catheter systems may use  
endogenous triggers, such as changes in pH or reactive 
oxygen species, or exogenous stimuli, such as photo-
thermal activation, to trigger localized antimicrobial 
responses[33]. Nevertheless, most sensing–actuation sys-
tems remain at the material, in vitro, or preclinical stage. 
They should therefore be regarded as potential platforms 
for future sensing–actuation or closed-loop intervention 
rather than clinically established smart urinary catheter 
therapies.

For nursing implementation, future studies should deter-
mine clinically actionable thresholds, false-alarm rates, 
documentation requirements, and standardized response 
pathways. Sensor-generated information should com-
plement rather than replace routine bedside observation, 
clinical judgment, and established CAUTI prevention 
and catheter-maintenance protocols.

Intravascular catheters: supporting intrave-
nous infusion safety

Vascular access devices, including PIVCs, CVCs, and 
peripherally inserted central catheters (PICCs), establish 
temporary or long-term channels for chemotherapy, vaso-
pressors, blood products, and hemodynamic monitoring.  
However, the venous access environment is dynamic 
and clinically complex. Associated complications are 
common. A subset of PIVCs fails prior to treatment com-
pletion due to phlebitis, thrombosis, or extravasation. 
Given the potentially severe consequences of CLABSI, 
vascular catheters represent a high-risk interface in 
intensive care.

The clinical challenge of extravasation detection lies in 
its subclinical onset. When infusate leaks into the subcu-
taneous interstitium, it first alters local tissue hydration, 
electrolyte concentration, and interstitial pressure without  
producing visible swelling or erythema. As fluid accu-

mulation progresses, it compresses surrounding tissues  
and disrupts local microcirculation, eventually causing 
the macroscopic signs detected by visual inspection. 
Continuous physical and biochemical sensing can capture 
the earlier biophysical changes in tissue properties, nar-
rowing the gap between extravasation onset and clinical 
recognition.

Current management of vascular access complications 
has important limitations. According to the Infusion 
Therapy Standards of Practice published by the Infusion 
Nurses Society (INS), clinical assessment of extrava-
sation and phlebitis includes regular visual inspection 
and palpation by nursing staff, often supported by 
standardized assessment tools such as the INS Phlebitis 
Scale[34]. However, this intermittent and partly subjec-
tive approach may not capture early changes occurring 
between assessments. When nursing staff observe ery-
thema or palpate localized edema at the insertion site, 
medication may already have entered the surrounding 
tissue, potentially causing severe tissue necrosis or nerve 
damage and, in some cases, requiring surgical debride-
ment[35]. Although bedside assessment remains essential, 
it may be complemented by smart sensing technologies 
capable of continuously and objectively detecting subcuta-
neous or intraluminal changes. Potential sensing targets  
include extravasation-related tissue changes, intravas-
cular or intraluminal pressure, catheter patency, and 
biochemical parameters. Bioimpedance and skin-strain 
measurements have been evaluated for the early detec-
tion of intravenous infiltration in a preclinical porcine 
model[15]. Pressure, temperature, and optical sensors have  
also been incorporated into wearable systems for detecting  
tissue changes around intravenous access sites[16]. Catheter- 
integrated pressure sensing may provide continuous  
information about intravascular pressure and pressure- 
waveform changes, although its value for specifically 
identifying fibrin sheath formation or thrombosis remains  
to be established[17]. Considering the catheter’s direct 
contact with blood, integrating biochemical sensors may 
also enable continuous tracking of blood parameters, 
such as glucose and lactate, and potentially reduce the 
frequency of blood sampling.

Relevant research is advancing toward smart devices 
that integrate monitoring and clinical decision support.  
Studies have explored wearable sensor systems integrating 
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pressure, temperature, and optical sensors capable of 
detecting subtle tissue changes associated with fluid 
extravasation and generating early alerts in experimental or 
pilot settings[16]. These wearable systems should be dis-
tinguished from catheter-integrated devices because their 
sensing components are generally positioned on the skin 
surrounding the vascular access site rather than within the 
catheter itself. Furthermore, electrochemical biosensors 
have been explored in implanted vascular access devices 
for continuous molecular monitoring. One study reported 
a functionalized needle-type electrochemical sensor 
achieving dual-parameter detection of pH and lactate, 
utilizing a smartphone near-field communication (NFC) 
interface for near-field wireless energy harvesting and data 
reading, thereby demonstrating the feasibility of continuous 
metabolic monitoring through an implanted vascular access 
platform[18]. This approach could potentially reduce the 
need for repeated blood sampling and selected manual  
monitoring tasks, although its effects on nursing workload, 
infection risk, and clinical outcomes require prospective  
evaluation. More broadly, graphene-based electrochemical 
sensors and biosensors have been extensively investi-
gated for antibiotic detection, illustrating advances in  
electrode functionalization, analytical sensitivity, selec-
tivity, and portable signal readout[36]. However, these  
platforms have generally been evaluated outside indwelling 
catheter systems, and their integration into catheter- 
based continuous monitoring and performance in com-
plex, continuously flowing biological fluids remain to  
be established. Overall, current evidence remains domi-
nated by engineering proof-of-concept and early feasibility  
studies. Further clinical validation is needed to establish 
long-term stability, analytical accuracy in blood, steri-
lization compatibility, false-alarm rates, and clinically 
actionable thresholds.

For nursing practice, sensor-generated alerts should 
be incorporated into a structured assessment and esca-
lation pathway rather than interpreted as stand-alone 
diagnoses. An alert indicating possible extravasation or 
altered catheter function should prompt inspection of the 
insertion site, assessment for pain, swelling, erythema, 
leakage, resistance to infusion, and changes in blood 
return. When clinically indicated, the infusion should 
be interrupted and the responsible clinical team noti-
fied according to institutional protocols. Biochemical 
measurements should likewise be interpreted alongside 

laboratory testing and the patient’s overall clinical con-
dition. Future implementation studies should clarify alert 
priorities, documentation requirements, response respon-
sibilities, and whether these systems improve patient 
safety without introducing additional alarm burden.

Respiratory catheters: airway monitoring and 
management

ETTs and tracheostomy tubes are essential instruments 
for airway management in patients requiring mechanical 
ventilation. The use of an ETT bypasses the upper 
airway’s natural defense mechanisms, potentially leading 
to clinical issues including airway injury and infection. 
The inflatable cuff is designed to seal the trachea and 
prevent air leakage; however, excessive cuff pressure can 
compromise tracheal mucosal perfusion and contribute 
to ischemia, ulceration, and other pressure-related 
injuries. Conversely, insufficient cuff pressure may 
permit leakage of bacteria-containing oropharyngeal 
secretions around the cuff, thereby increasing the risk of 
microaspiration[37,38]. These cuff-related complications 
may contribute to airway injury and adverse respiratory 
outcomes.

Tracheal mucosal injury from cuff pressure is a dose- 
dependent pathological process. The normal perfusion 
pressure of tracheal mucosal capillaries is approximately 
25–30 cmH2O; cuff pressures exceeding this threshold 
compress mucosal vessels and reduce blood flow, while  
underinflated cuffs fail to form an adequate seal. Fur-
thermore, cuff pressure fluctuates dynamically with  
coughing, swallowing, and patient repositioning, making 
it challenging to maintain optimal pressure continuously.

Current nursing protocols typically include periodic 
manual measurement of ETT cuff pressure using a hand-
held manometer. Nevertheless, cuff pressure may vary 
with coughing, swallowing, ventilator-related pressure 
changes, nursing procedures, and patient repositioning; 
therefore, intermittent measurements may fail to iden-
tify clinically relevant underinflation or overinflation 
occurring between assessments[37]. Research into smart 
respiratory catheters focuses on achieving continuous 
sensing by integrating flexible pressure or strain sensors 
with the cuff to monitor cuff–tracheal contact conditions, 
alongside the potential use of sensing technologies to 
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detect subglottic secretion accumulation, airflow abnor-
malities, or early biofilm formation. Continuous sensing 
may complement routine nursing assessment, but clinically  
appropriate pressure ranges and intervention thresholds 
must be established before sensor readings can guide 
automated adjustment.

Technological advancements have supported experimental 
approaches toward sensor-integrated ETTs. Researchers 
have engineered trace polymer-bonded carbon nanotube 
sensors with stretchable piezoresistive strain properties. 
These sensors retain electrical conductivity while main-
taining mechanical stability and stretchability, allowing 
conformal adhesion to the ETT cuff and demonstrating 
the potential for continuous deformation or pressure- 
related monitoring[19]. However, their ability to prevent 
airway injury or leakage has not yet been established 
through clinical outcome studies. Another study reported 
an optical sensing approach using long-period grating 
(LPG) fiber sensors to monitor changes associated with 
biofilm formation on medical-device surfaces[20]. Such 
optical signals may provide a means of estimating pro-
gressive biofouling, although the relationship between 
sensor output, clinically significant airway colonization, 
and VAP risk requires further validation. Sensor-derived 
biofilm information should not independently determine 
antibiotic administration or ETT replacement, because 
these decisions require integration with respiratory symp-
toms, secretion characteristics, microbiological findings,  
ventilation status, and the overall clinical condition.

For nursing practice, abnormal cuff-pressure signals 
should prompt verification of the monitoring system,  
reassessment of tube position and fixation, repeat cuff- 
pressure measurement using an established method, evalua-
tion for audible air leakage or changes in delivered tidal  
volume, and inspection for signs of mucosal injury or 
secretion accumulation. Persistent abnormalities should be 
escalated according to institutional airway-management  
protocols. Similarly, secretion- or biofilm-related alerts 
should support closer respiratory assessment and micro-
biological evaluation rather than serve as stand-alone 
diagnostic signals. Future studies should determine sen-
sor accuracy during coughing, suctioning, repositioning, 
and prolonged ventilation, as well as false-alarm rates, 
sterilization compatibility, device durability, and the 

effects of continuous monitoring on nursing workload 
and patient outcomes.

Gastrointestinal catheters: placement moni-
toring and localization

Nasogastric and nasojejunal tubes are medical catheters 
inserted through the nasal cavity into the digestive tract 
to provide enteral nutrition and administer medication for 
patients unable to meet their nutritional requirements 
orally. Insertion of these tubes is commonly performed 
without direct visualization. Serious complications may 
occur when a tube is inadvertently advanced into the 
tracheobronchial tree or, in rare cases, the pleural space  
rather than the gastrointestinal tract; administration of 
enteral formula through a misplaced tube may result in 
severe pulmonary or pleural injury[39,40]. Tube occlusion 
may also result from formula-related factors, inadequate 
flushing, or improperly prepared or administered medi-
cations[40].

Current clinical practice commonly includes confirmation  
of tube position using institutionally approved methods, 
including radiographic confirmation when indicated  
and pH testing of aspirated contents where feasible[41]. 
To facilitate more rapid localization, researchers have 
explored smart feeding tubes equipped with positioning- 
related sensing capabilities. One engineering prototype 
integrated pH and strain sensors into a nasogastric tube 
placement system[21]. However, this technology remains 
at the engineering prototype stage, and its diagnostic 
accuracy in patients has not yet been established. Catheter- 
associated or external monitoring systems have also 
been investigated for detecting gastroesophageal reflux, 
which may support the assessment of aspiration risk.  
Research has demonstrated the application of magnet 
tracking devices for nasogastric (NG) tube insertion, with 
a clinical feasibility study reporting six-degree-of-freedom 
localization through algorithmic optimization[22]. Another 
study reported a visual nasojejunal tube placement system 
based on an ultrathin endoscope, aiding the tube’s passage  
through the pylorus into the duodenum under direct 
visualization[23]. This system represents a visualization- 
assisted placement technique rather than a sensor inte-
grated into the feeding tube itself. Furthermore, automated  
impedance-based monitoring technologies have been 
used to continuously detect reflux events and evaluate 
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potential aspiration risk[24]. However, such monitoring 
systems should be distinguished from catheter-integrated 
smart feeding tubes unless the sensing components are 
incorporated directly into the enteral tube. These technolo-
gies may supplement conventional placement and reflux  
assessment by providing additional objective information, but 
they should not replace established position-confirmation  
procedures without adequate clinical validation.

To mitigate the safety risks associated with blind inser-
tion, medical robotics research has also provided potential 
technological concepts for future sensor-assisted enteral 
tube placement. By integrating micro-actuators and multi-
modal sensors at the distal tip of flexible catheters, such  
systems may potentially support active steering, obstacle  
recognition, and navigation within complex anatomical  
pathways. Studies have developed visual servoing  
robotic endoscope systems, such as Robotic Endo-
scope Automated via Laryngeal Imaging for Tracheal 
Intubation (REALITI), based on anatomical image 
recognition. Such systems utilize cavity features captured  
by micro-cameras to algorithmically maneuver the 
flexible catheter tip, achieving autonomous steering and 
path navigation. Although REALITI was developed for 
tracheal intubation rather than nasogastric or nasojeju-
nal tube placement, it demonstrates how image-guided 
robotic control may reduce dependence on operator 
experience in anatomically complex procedures[25]. 
Additionally, interdisciplinary research has developed 
flexible robotic catheters capable of navigation within 
internal anatomical structures using multimodal haptic  
vision. By employing force-feedback control and algorithms,  
these systems assist in avoiding mechanical injury to  
fragile tissues, although the reported system was developed  
for intracardiac catheter navigation rather than gastroin-
testinal intubation[26]. These studies should therefore be 
interpreted as examples from adjacent robotic-catheter 
fields that provide transferable engineering principles, 
rather than as direct clinical evidence for autonomous 
gastrointestinal tube placement. The integration of soft 
robotic control with multimodal sensing represents a 
potential future direction for transforming nonvisual 
tube insertion into a more standardized and data-assisted 
procedure, but fully autonomous or closed-loop gastroin-
testinal placement has not yet been clinically established.

For nursing practice, sensor- or navigation-generated 

information should complement rather than replace estab-
lished tube-position verification and patient assessment. 
During placement, unexpected resistance, coughing, 
respiratory distress, abnormal sensor readings, or an 
inconsistent tracking path should prompt immediate 
cessation of tube advancement and further verification. 
Enteral feeding or medication administration should 
be withheld until the tube position has been confirmed 
according to institutional protocols. After placement, 
reflux-related alerts should prompt assessment of patient  
positioning, feeding tolerance, abdominal distension, res-
piratory symptoms, and aspiration risk. Suspected tube  
occlusion should first prompt inspection for external  
kinking and adherence to approved flushing protocols,  
rather than forceful irrigation. Future studies should estab-
lish positioning accuracy, clinically actionable thresholds, 
failure modes, false-alarm rates, training requirements, 
and whether these systems reduce placement-related  
complications without increasing procedural complexity 
or nursing workload.

Surgical drainage catheters: high-risk 
microenvironments

In surgical and neurocritical care, catheters are employed 
to drain postoperative or pathological fluids, such as 
cerebrospinal fluid (CSF) via external ventricular drain 
(EVD) or wound exudate via postoperative surgical drains.  
These catheters operate within high-risk and sensitive 
microenvironments. EVDs are used to divert CSF and 
monitor intracranial pressure, and impaired drainage 
caused by obstruction, clot formation, tubing kinks, or  
catheter malposition may result in inadequate CSF 
diversion and contribute to uncontrolled intracranial 
hypertension and neurological deterioration[42]. Simi-
larly, changes in the volume, rate, or characteristics of 
postoperative drainage may provide important indi-
cations of ongoing bleeding, anastomotic leakage, or 
impaired drain patency.

Currently, clinical monitoring of these drains primarily 
involves manual measurement of fluid volume and 
observation of color changes, methods that may be inter-
mittent and provide limited information regarding early 
biochemical or flow-related changes. Consequently, 
research into smart drainage systems has explored bio-
chemical sensing of postoperative drainage fluid[27,28], 
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artificial intelligence (AI)-assisted blood detection and 
fluid classification[29], and multiplexed CSF biomarker  
and flow monitoring[30]. To address postoperative bleeding,  
a capacitive interdigital electrode (IDE) biosensor was 
designed to attach to postoperative drainage tubes using 
medical-grade nonwoven fabric. Rather than being 
incorporated into the drainage catheter itself, this catheter- 
adjacent device demonstrated rapid blood detection in 
experimental testing and used AI-based data processing to 
support drainage-fluid classification[29]. However, its diag-
nostic accuracy, false-alarm rate, and clinical performance  
in complex postoperative drainage fluids require further 
prospective validation.

Another study reported a portable device for real-time 
sensing of α-amylase activity in postoperative pancreatic  
drainage for patient monitoring[28]. Such a platform may  
facilitate more frequent biochemical assessment of pan-
creatic drainage and support earlier clinical reassessment  
when abnormal enzyme activity is detected. Nevertheless,  
an isolated α-amylase measurement should be interpreted 
together with drainage volume, patient symptoms,  
imaging findings, and established postoperative diagnos-
tic criteria. For CSF monitoring, a multiplexed sensing 
platform was reported, integrating glucose and lactate 
aptamer-based electrochemical biosensors, a polydopa-
mine pH sensor, and an impedance-based flow sensor 
into the drainage system. This platform enabled near-real- 
time measurement of CSF biomarkers, including glu-
cose, lactate, pH, and flow[30]. These measurements may 
provide supplementary information regarding metabolic 
changes, possible infection, or impaired drainage; however, 
their ability to improve clinical outcomes or reliably dis-
tinguish infection from other neurological or systemic 
conditions remains to be established.

Collectively, these studies demonstrate the potential to 
transform postoperative and neurocritical drainage sys-
tems from passive fluid conduits into platforms capable 
of continuous or near-real-time monitoring. However, 
the existing evidence includes experimental prototypes 
and early clinical validation studies, and these technolo-
gies should not yet be regarded as established diagnostic 
systems. Sensor-generated abnormalities should prompt 
structured clinical reassessment rather than independently  
determine treatment.

For nursing practice, an abnormal flow, pressure, blood- 
detection, or biochemical signal should first prompt 
verification of the drainage system, including inspection 
for tubing kinks, dependent loops, disconnection, clot 
formation, inappropriate drain positioning, or changes in 
collection-device level. Nurses should concurrently assess 
drainage volume and appearance, wound or insertion- 
site condition, vital signs, pain, abdominal findings, and 
neurological status where relevant. For EVD systems, 
sensor information must be interpreted together with 
prescribed drainage height, accurate leveling and zeroing,  
clamping status, intracranial pressure data, system integrity, 
and the patient’s neurological examination[42]. Persistent  
or clinically significant abnormalities should be docu-
mented and escalated according to institutional protocols.  
Future studies should evaluate sensor accuracy, device 
compatibility with drainage procedures, false-alarm rates,  
infection-control requirements, and whether continuous 
monitoring improves the timeliness of nursing interven-
tion without increasing alarm burden.

Summary, challenges, and future priorities

The transition of medical catheters from passive conduits 
to active, smart physiological interfaces represents an 
emerging developmental direction in clinical nursing and 
medical engineering. Utilizing the clinical application of 
catheters as a framework, this critical narrative review  
summarizes representative developments in sensing tech-
nologies across different catheter categories. By embedding  
biochemical and physiological monitoring capabilities at 
the tissue-catheter interface, smart catheter systems may 
support earlier recognition of catheter-related abnor-
malities and more individualized clinical reassessment. 
However, they should be regarded as decision-support 
technologies rather than replacements for bedside 
assessment and clinical judgment. The path to wide-
spread clinical translation continues to face substantial 
engineering and implementation challenges. Exposed 
microelectronic sensors are susceptible to biofouling and 
signal degradation post-insertion due to protein adsorption, 
bacterial colonization, mineral deposition, mechani-
cal deformation, and prolonged exposure to complex  
biological fluids. Maintaining sensing sensitivity while 
minimizing tissue trauma requires not only antifouling 
surface modification but also reliable encapsulation, 
mechanical durability, long-term biocompatibility, and 
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stable sensor performance under physiologically relevant 
conditions[43]. Relevant materials science advancements 
indicate that developing fully implantable, battery-free 
soft platforms and employing biocompatible elastomer 
encapsulation may support more stable continuous moni-
toring in complex in vivo fluidic environments[44]. Scalable  
fabrication of multifunctional coatings and reliable inte-
gration of flexible sensors with catheter materials also 
remain important manufacturing challenges. Neverthe-
less, at the level of process implementation, integrating 
electronic components into flexible tubing necessitates 
sustained interdisciplinary efforts regarding large-scale 
manufacturing, medical sterilization protocols that may 
alter sensor materials or electronic performance, and 
cost-effectiveness.

To clarify how smart catheter outputs may be incorporated 
into clinical practice, Figure 1 presents a generalized 
workflow for signal verification, bedside assessment, 
protocol-based action, documentation, escalation, and 
outcome reassessment.

As illustrated in Figure 1, smart catheter signals should 
be interpreted within a structured nursing workflow rather  
than acted upon as isolated diagnostic outputs. Signal 
quality, the magnitude and persistence of an abnormality, 
and its consistency with the patient’s clinical condition 
should be assessed before an alert leads to intervention. 
Bedside verification may include evaluation of tube 
position, the insertion site, catheter patency, drainage 
characteristics, pressure measurements, patient symp-
toms, and relevant neurological or respiratory findings. 
When an abnormal signal is clinically confirmed, nurses 
should initiate the appropriate protocol-based response, 
document the findings and actions taken, and escalate care 
according to institutional procedures. When the signal is 
not confirmed, enhanced observation and reassessment 
remain necessary because an apparent discrepancy may 
reflect either a technical artifact or an evolving clinical 
event. This workflow therefore positions smart catheter 
systems as decision-support tools that complement, rather  
than replace, nursing assessment, clinical judgment, and 
established emergency-response procedures.

Figure 1: Proposed integration of smart catheter signals into nursing assessment and escalation workflows.
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Simultaneously, the vast volume of data generated by 
smart sensing presents a challenge requiring attention. 
Without adequate filtering, continuously transmitting real-
time impedance, pH, and micro-pressure data streams to  
nursing workstations may exacerbate information over-
load. Clinical research indicates that in intensive care 
environments, many medical-device alarms may be 
technically generated or clinically non-actionable. Over 
time, repeated non-actionable alarms can contribute to 
alarm fatigue, increased cognitive burden, and delayed 
responses to clinically important signals[45,46]. Therefore, 
the development of smart catheters should not simply 
add independent alarm streams to existing nursing 
workstations. Instead, alarm systems should incorporate 
signal-quality assessment, persistence criteria, multi-
modal confirmation, patient-specific baselines, graded 
alert priorities, and clearly defined escalation pathways.

AI and edge computing may assist in filtering raw 
sensor data, identifying clinically meaningful patterns, 
and reducing unnecessary data transmission. However, 
their application must be prospectively validated because 
poorly calibrated algorithms may also generate false 
alarms, miss clinically significant events, or introduce 
automation bias. The immediate objective should there-
fore be the development of transparent and clinically 
interpretable decision-support systems rather than fully 
autonomous catheter care. Alerts concerning possible 
extravasation, catheter occlusion, abnormal pressure, 
or infection-related changes should prompt nurse verifi-
cation and protocol-based reassessment before clinical 
action is taken. Relevant clinical studies should report 
not only sensor sensitivity and specificity but also alarms 
per patient-day, false-positive rates, missed-event rates, 
response times, and effects on nursing workload.

Clinical translation also requires rigorous consideration  
of safety, regulation, cybersecurity, and data governance.  
Smart catheter systems must be evaluated for biocom-
patibility, electrical and thermal safety, sterilization  
compatibility, mechanical failure, sensor drift, wireless- 
power reliability, and the consequences of false-negative 
or false-positive results. Wireless and network-connected 
monitoring systems require lifecycle-based cybersecu-
rity risk management, including device authentication, 
access control, data integrity and confidentiality, secure 
software updating, vulnerability monitoring, and incident- 

response planning[47]. Interoperability with electronic 
health records, nursing documentation systems, and hos-
pital alarm platforms should be designed and validated 
to ensure that exchanged information is accurate, timely, 
correctly interpreted, and used only for its intended  
purpose[48]. For AI-enabled systems, algorithm versions, 
model updates, performance changes, and post-deployment  
monitoring should be documented, traceable, and auditable,  
and clinically meaningful information should be commu-
nicated transparently to users[49]. In addition, responsibility  
for reviewing sensor alerts and acting on automated 
recommendations must be clearly defined. Conventional 
catheter-assessment and emergency-response procedures  
should remain available whenever sensing or communi-
cation functions fail.

Future research should prioritize prospective and 
multicenter clinical validation rather than analytical 
performance alone. Studies should determine clinically 
actionable thresholds, evaluate long-term performance 
under realistic catheter-use conditions, and establish 
whether smart catheter systems reduce complications, 
improve response times, or meaningfully alter nursing 
workload. Future implementation studies should also 
assess staffing implications, responsibility allocation, 
and whether continuous sensor surveillance redistributes 
workload or alters nurse-to-patient monitoring demands 
across different care settings. Human-factors research is 
also needed to assess device usability, training require-
ments, alert interpretation, documentation burden, and 
the risk of overreliance on automated recommendations. 
Cost-effectiveness, regulatory pathways, compatibility 
with existing clinical infrastructure, and equitable imple-
mentation across different healthcare settings should be 
evaluated before widespread adoption. Nurses, patients, 
engineers, infection-prevention specialists, and clini-
cians should be involved in technology co-design to 
ensure that sensor outputs correspond to clearly defined 
and actionable clinical needs.

Distinct from previous technology-centric reviews that 
primarily categorize smart catheters by sensor modality, 
the novelty of this review lies in its clinically anchored, 
application-driven framework. By systematically mapping  
specific nursing challenges to corresponding sensing 
targets and technological approaches across urinary, vas-
cular, respiratory, gastrointestinal, and surgical drainage  
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catheters, we provide a bidirectional translation inter-
face between engineering capabilities and bedside care 
needs. Furthermore, we introduce a structured nursing 
workflow (Figure 1) that integrates signal verification, 
clinical reassessment, and escalation pathways, which 
is rarely addressed in engineering-oriented literature. 
The author-assigned evidence-maturity classification in 
Table 1 also offers a pragmatic snapshot of the transla-
tional readiness of current technologies, moving beyond 
mere proof-of-concept enumeration to guide realistic 
expectations for clinical implementation.

Several limitations of this review should also be 
acknowledged. First, as a critical narrative review rather 
than a systematic one, the literature identification was 
purposive and non-exhaustive; although this approach 
allowed us to anchor the discussion in representative 
application scenarios, it may have introduced selection 
bias and does not comprehensively cover all emerging 
sensing modalities or all published validation studies. 
Second, the majority of the referenced technologies 
remain at the laboratory, preclinical, or early clinical 
feasibility stage, and our evidence-maturity classifica-
tions reflect the highest validation level reported in each 
study—therefore, the clinical generalizability, long-term 
safety, and cost-effectiveness of these systems remain 
unconfirmed. Third, the review focuses primarily on 
English-language publications, potentially overlooking 
relevant studies published in other languages. These 
limitations highlight that the conclusions drawn here are 
intended to inform interdisciplinary dialogue and guide 
future translational research, rather than to serve as 
definitive clinical practice recommendations.

Accordingly, smart catheters should currently be viewed 
as emerging sensing and decision-support platforms whose  
clinical value will depend not only on sensor performance 
but also on reliable alarm design, nursing-workflow 
integration, safety assurance, and evidence of improved 
patient outcomes.

Author contributions

Rui Hong, Yu Qiu and Danmei Liang contributed equally 
to this article. Ming Yan and Xiaoyue Xu conceived the 
study, provided resources, and supervised the work. All 

authors reviewed, edited, and approved the final version 
of the manuscript and agree to its publication.

Acknowledgments

This study was supported by the National Natural Science  
Foundation of China (Grant No. 52203046), the State Key 
Laboratory of Advanced Polymer Materials (Grant No.  
sklpme2024-2-05), and the Fundamental Research Funds 
for the Central Universities (Grant No. 2682026CX134).

Data availability statement

No datasets were generated or analyzed for this work.

Ethics statement

Not applicable.

AI statement

The authors used DeepSeek as a language-editing tool 
to improve grammar, clarity, and readability. The AI tool 
was not used for data analysis, data generation, image 
processing, or scientific content creation. All outputs 
were carefully reviewed and verified by the authors, 
who take full responsibility for the final content.

Conflicts of interest

The authors declare no conflicts of interest.

References
	 1.	Ielapi N, Andreucci M, Licastro N, et al. Precision medicine 

and precision nursing: the era of biomarkers and precision 
health. Int J Gen Med. 2020;13:1705-1711.

	 2.	Alexandrou E, Ray-Barruel G, Carr PJ, et al. International 
prevalence of the use of peripheral intravenous catheters. 
J Hosp Med. 2015;10(8):530-533.

	 3.	Magill SS, O’Leary E, Janelle SJ, et al. Changes in preva-
lence of health care-associated infections in U.S. hospitals. 
N Engl J Med. 2018;379(18):1732-1744.

	 4.	Kelly T, Ai C, Jung M, Yu K. Catheter-associated urinary 
tract infections (CAUTIs) and non-CAUTI hospital-onset 
urinary tract infections: relative burden, cost, outcomes and 
related hospital-onset bacteremia and fungemia infections. 
Infect Control Hosp Epidemiol. 2024;45(7):864-871.

	 5.	Zimlichman E, Henderson D, Tamir O, et al. Health 
care-associated infections: a meta-analysis of costs and 



19

Intelligent NursingIntelligent Nursing

financial impact on the US health care system. JAMA 
Intern Med. 2013;173(22):2039-2046.

	 6.	Gopalakrishnan S, Rana MM, Curry MA, Krishnakumar A,  
Rahimi R. Sticker-type remote monitoring system for 
early risk detection of catheter associated urinary tract infec-
tions. IEEE Trans Biomed Eng. 2024;71(7):2070-2079.

	 7.	Ahmadi M, Rajamani R, Timm G, Sezen AS. Flexible 
distributed pressure sensing strip for a urethral catheter. J 
Microelectromech Syst. 2015;24(6):1840-1847.

	 8.	Kuenert S, Meckler A, Poggi L, et al. Continuous spectro-
scopic monitoring of urinary catheter output: advancements 
and clinical implications. Sci Rep. 2025;15(1):8617.

	 9.	McGlennen M, Dieser M, Foreman CM, Warnat S. 
Monitoring biofilm growth and dispersal in real-time 
with impedance biosensors. J Ind Microbiol Biotechnol. 
2023;50(1):kuad022.

	10.	Wong MY, Hsu TW, Hsieh MF, Huang YK, Lin BS. A 
mobile toolkit for easy detection and monitoring of bio-
film formation using bioimpedance analysis. IEEE Access. 
2025;13:182569-182578.

	11.	Islayem D, Arya S, Yasmeen N, et al. A modular, Lego-
like microfluidic platform for multimodal analysis of 
biofilm formation and antimicrobial response. Adv Mater 
Interfaces. 2025;12(20):e00303.

	12.	Milo S, Acosta FB, Hathaway HJ, Wallace LA, Thet NT, 
Jenkins ATA. Development of an infection-responsive fluo-
rescent sensor for the early detection of urinary catheter 
blockage. ACS Sens. 2018;3(3):612-617.

	13.	Yao C, Teng X, Sun D, McCoy CP, Zhang S. Enhanced anti-
fouling and anti-swarming properties poly (sulfobetaine 
methacrylate-co-2-hydroxy-3-phenoxypropyl acrylate)  
hydrogel coatings for urinary catheters. Colloids Surf B 
Biointerfaces. 2025;245:114277.

	14.	Miao J, Wu X, Fang Y, et al. Multifunctional hydrogel 
coatings with high antimicrobial loading efficiency and 
pH-responsive properties for urinary catheter applica-
tions. J Mater Chem B. 2023;11(15):3373-3386.

	15.	Bicen AO, West LL, Cesar L, Inan OT. Toward non- 
invasive and automatic intravenous infiltration detection: 
evaluation of bioimpedance and skin strain in a pig model. 
IEEE J Transl Eng Health Med. 2018;6:4100207.

	16.	Lee HC, Lin JS. An open-source wearable sensor system 
for detecting extravasation of intravenous infusion. IEEE 
Trans Instrum Meas. 2021;70:1-11.

	17.	Ye F, Hou J, Li X, et al. A cylindrical projection lithography- 
fabricated flexible on-catheter in situ integrated sensor for 
continuous in-artery blood pressure monitoring. Microsyst 
Nanoeng. 2026;12(1):126.

	18.	Gil B, Lo B, Yang GZ, Anastasova S. Smart implanted 
access port catheter for therapy intervention with pH and 
lactate biosensors. Mater Today Bio. 2022;15:100298.

	19.	Wang J, Chang X, Gao Y, et al. Trace polymer-bonded 
carbon nanotube networks for precise strain sensing in 
healthcare. Chem Eng J. 2025;508:161142.

	20.	Kurmoo Y, Hook AL, Harvey D, et al. Real time monitoring  
of biofilm formation on coated medical devices for the 
reduction and interception of bacterial infections. Biomater 
Sci. 2020;8(5):1464-1477.

	21.	Lim R, Chen Y, Yap JVW, Sikkandhar M, Cheng MY. Inte-
grated pH and strain sensors development for nasogastric 
tube placement application. In: 2023 IEEE 73rd Elec-
tronic Components and Technology Conference (ECTC). 
2023:1703-1707.

	22.	Li H, Tay KV, Liu J, et al. Feasibility of a low-cost magnet 
tracking device in confirming nasogastric tube placement at 
point of care, a clinical trial. Sci Rep. 2024;14(1):7068.

	23.	Chen Y, Tian X, Liu C, Zhang L, Xv Y, Xv S. Application 
of visual placement of a nasojejunal indwelling feeding 
tube in intensive care unit patients receiving mechanical 
ventilation. Front Med (Lausanne). 2022;9:1022815.

	24.	Hellerman Itzhaki M, Hoshen S, Singer P, et al. The effect 
of mechanical ventilation compared to high-flow nasal 
cannula on gastric residual volume and reflux events using  
novel automated technology. Clin Nutr ESPEN. 2024; 
63:68-73.

	25.	Boehler Q, Gage DS, Hofmann P, et al. REALITI: a 
robotic endoscope automated via laryngeal imaging for 
tracheal intubation. IEEE Trans Med Robot Bionics. 
2020;2(2):157-164.

	26.	Fagogenis G, Mencattelli M, Machaidze Z, et al. Autono-
mous robotic intracardiac catheter navigation using haptic 
vision. Sci Robot. 2019;4(29):eaaw1977.

	27.	Jessernig A, Anthis AHC, Vonna E, et al. Early detection and 
monitoring of anastomotic leaks via naked eye-readable,  
non-electronic macromolecular network sensors. Adv Sci 
(Weinh). 2024;11(29):e2400673.

	28.	Zhao X, Kolbinger FR, Distler M, et al. Portable droplet- 
based real-time monitoring of pancreatic α-amylase in  
postoperative patients. Biosens Bioelectron. 2024;251:116034.

	29.	Xu R, Li S, Zhang D, et al. Flexible interdigital electrode 
biosensor based on laser-induced-graphene and artificial 
intelligence system for real-time monitoring of tissue 
bleeding. Chem Eng J. 2025;510:161328.

	30.	Keyvani F, Muller LM, Fudge N, et al. A platform for near 
real-time and multiplexed monitoring of cerebrospinal 
fluid biomarkers and flow in neurocritical care. Sci Transl 
Med. 2026;18(849):eaeb1381.

	31.	Armbruster CE, Mobley HLT, Pearson MM. Pathogenesis  
of proteus mirabilis infection. EcoSal Plus. 2018;8(1): 
10.1128/ecosalplus.ESP-0009-2017.

	32.	Wasfi R, Hamed SM, Amer MA, Fahmy LI. Proteus 
mirabilis biofilm: development and therapeutic strategies. 
Front Cell Infect Microbiol. 2020;10:414.

	33.	Wu Z, Nie R, Wang Y, Wang Q, Li X, Liu Y. Precise  
antibacterial therapeutics based on stimuli-responsive  
nanomaterials. Front Bioeng Biotechnol. 2023;11:1289323.

	34.	Nickel B, Gorski L, Kleidon T, et al. Infusion therapy 
standards of practice, 9th edition. J Infus Nurs. 2024; 



20

Intelligent NursingIntelligent Nursing

47(1S):S1-S285.
	35.	David V, Christou N, Etienne P, et al. Extravasation of 

noncytotoxic drugs. Ann Pharmacother. 2020;54(8):804-814.
	36.	Saqib M, Vashisth M, Korotkova EI, et al. Recent 

advances in electrochemical detection of antibiotics on 
graphene-based sensors and biosensors, impact and sus-
tainable development challenges: a systematic review and 
meta-analysis. Biosensors (Basel). 2026;16(5):234.

	37.	Jaillette E, Martin-Loeches I, Artigas A, Nseir S. Optimal 
care and design of the tracheal cuff in the critically ill 
patient. Ann Intensive Care. 2014;4(1):7.

	38.	Hamilton VA, Grap MJ. The role of the endotracheal tube 
cuff in microaspiration. Heart Lung. 2012;41(2):167-172.

	39.	Motta APG, Rigobello MCG, Silveira RCCP, Gimenes 
FRE. Nasogastric/nasoenteric tube-related adverse events:  
an integrative review. Rev Lat Am Enfermagem. 2021;29:e3400.

	40.	Blumenstein I, Shastri YM, Stein J. Gastroenteric tube 
feeding: techniques, problems and solutions. World J Gas-
troenterol. 2014;20(26):8505-8524.

	41.	Chauhan D, Varma S, Dani M, Fertleman MB, Koizia LJ.  
Nasogastric tube feeding in older patients: a review of cur-
rent practice and challenges faced. Curr Gerontol Geriatr  
Res. 2021;2021:6650675.

	42.	Muralidharan R. External ventricular drains: management 
and complications. Surg Neurol Int. 2015;6(Suppl 6): 
S271-S274.

	43.	Choi S, Lee H, Ghaffari R, Hyeon T, Kim DH. Recent 
advances in flexible and stretchable bio-electronic devices  
integrated with nanomaterials. Adv Mater. 2016;28(22): 
4203-4218.

	44.	Herbert R, Elsisy M, Rigo B, et al. Fully implantable bat-

teryless soft platforms with printed nanomaterial-based 
arterial stiffness sensors for wireless continuous monitoring  
of restenosis in real time. Nano Today. 2022;46:101557.

	45.	Sendelbach S, Funk M. Alarm fatigue: a patient safety 
concern. AACN Adv Crit Care. 2013;24(4):378-86; quiz 
387-8.

	46.	Lewandowska K, Weisbrot M, Cieloszyk A, Mędrzycka- 
Dąbrowska W, Krupa S, Ozga D. Impact of alarm fatigue 
on the work of nurses in an intensive care environment-a 
systematic review. Int J Environ Res Public Health. 
2020;17(22):8409.

	47.	U.S. Food and Drug Administration. Cybersecurity in 
medical devices: quality management system consider-
ations and content of premarket submissions. Guidance 
for industry and Food and Drug Administration staff. 
Docket No. FDA-2021-D-1158. Silver Spring, MD: U.S. 
Food and Drug Administration; 2026 Feb. Accessed 
September 1, 2026.

	48.	U.S. Food and Drug Administration. Design considera-
tions and pre-market submission recommendations for 
interoperable medical devices. Guidance for industry and 
Food and Drug Administration staff. Docket No. FDA-
2015-D-4852. Silver Spring, MD: U.S. Food and Drug 
Administration; 2017 Sep. Accessed September 1, 2026.

	49.	U.S. Food and Drug Administration. Artificial intelligence–
enabled device software functions: lifecycle management 
and marketing submission recommendations. Draft guidance  
for industry and Food and Drug Administration staff. 
Docket No. FDA-2024-D-4488. Silver Spring, MD: 
U.S. Food and Drug Administration; 2025 Jan. Accessed  
September 1, 2026.


