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Abstract
This review provides a comprehensive overview of the therapeutic and diagnostic implications of fluorescence imaging in neuro-
surgery. Fluorescence imaging has become a valuable intraoperative visualization and guidance tool, facilitating precise surgical
interventions. The therapeutic role of fluorescence is examined, including its application in photodynamic therapy and tumor-
targeted therapy. It also explores its diagnostic capabilities in tumor detection, margin assessment, and blood–brain barrier eva-
luation. Drawing from clinical and preclinical studies, the review underscores the growing evidence supporting the efficacy of
fluorescence imaging in neurosurgical practice. Furthermore, it discusses current limitations and future directions, emphasizing the
potential for emerging technologies to enhance the utility and accessibility of fluorescence imaging, ultimately improving patient
outcomes in neurosurgery.
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Introduction

Fluorescence imaging is a scientific technique employed across
various disciplines to observe and analyze biological or chemical
systems at the cellular or molecular level. It involves stimulating
fluorescent molecules or probes within a sample using specific
light wavelengths and detecting the emitted light at different
wavelengths. This light, fluorescence, provides valuable infor-
mation about the sample’s characteristics[1].

The clinical applications of fluorescence are tumor visualiza-
tion, vascular assessment, endoscopic procedures, infectious
disease diagnosis, wound assessment, and image-guided
surgery[2].

The principle of fluorescence imaging is based on the interac-
tion between light and fluorescent molecules, known as
fluorophores[3], to visualize and study biological or chemical

systems at a cellular or molecular level. It involves the excitation
of fluorophores within a sample using specific wavelengths of
light, followed by detecting the emitted fluorescence at different
wavelengths[4,5].

Intraoperative visualization and guidance are pivotal in neu-
rosurgical procedures, offering numerous benefits that improve
surgical outcomes and patient safety[4]. These techniques provide
neurosurgeons with the ability to accurately and precisely navi-
gate the complex structures of the brain. Surgeons can pinpoint
specific areas using neuronavigational systems and other visua-
lization technologies, minimizing the risk of damaging critical
structures[6].

The enhanced safety provided by intraoperative visualization
techniques is paramount in neurosurgery. These methods allow
surgeons to better visualize and navigate around delicate and vital
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brain structures, reducing the chances of accidental injuries and
complications. Real-time assessment is another crucial advantage
of these techniques[7]. Intraoperative imaging modalities, such as
intraoperative MRI or ultrasound, offer surgeons immediate
feedback during the procedure. This enables them to assess the
extent of tumor resection, identify residual tumor tissue, and
make necessary real-time adjustments to the surgical approach,
ensuring optimal surgical outcomes[8].

Fluorescence-guided resection is a therapeutic technique in
neurosurgery that enhances tumor removal precision by visua-
lizing tumor boundaries, reducing recurrence risk, and improving
outcomes[9]. PDT utilizes fluorescence imaging to selectively
destroy tumor cells by activating photosensitizing agents with
specific light wavelengths, sparing healthy tissue[10]. Fluorescence
imaging enables tumor-targeted therapies using fluorescent
markers or molecules that bind to tumor cells or receptors, deli-
vering therapeutic agents directly to the tumor site for enhanced
treatment outcomes[11].

Intraoperative tumor detection is facilitated by fluorescence
imaging, allowing for real-time visualization of tumors during
surgery[12]. Assessment of tumor margins and residual disease is
improved through fluorescence imaging, enabling surgeons to
accurately identify the extent of tumor removal and determine if
any residual disease remains[13]. Fluorescence imaging plays a
role in studying blood–brain barrier disruption, providing
insights into the permeability and integrity of the barrier in the
context of neurosurgical procedures[14]. The following neuro-
surgical applications of fluorescence imaging are listed in Table 1.

This review aims to provide a concise and paraphrased over-
view of the applications of fluorescence imaging in neurosurgery.
It aims to highlight the clinical significance and advantages of
utilizing fluorescence imaging techniques in various neurosurgi-
cal procedures, including brain tumor surgery, vascular neuro-
surgery, epilepsy surgery, and spinal surgery. By exploring the
therapeutic and diagnostic roles of fluorescence imaging, this
review aims to underscore its importance in improving surgical
precision, optimizing patient outcomes, and guiding decision-
making in neurosurgical interventions.

Methodology

This narrative review discusses fluorescence imaging in neuro-
surgery. An extensive literature search was conducted using

PubMed/MEDLINE and Google Scholar databases, with data
included up to 2023. Our search strings included keywords such
as “fluorescence imaging,” “neurosurgery,” “therapeutic appli-
cations,” “diagnostic applications,” “photodynamic therapy,”
“tumor-targeted therapy,” “margin assessment,” and “blood-
brain barrier evaluation.” We focused on articles that provided
insights into applying fluorescence imaging techniques in neuro-
surgical practice, encompassing clinical and preclinical studies.
Articles in languages other than English were excluded from the
review. Articles that reviewed fluorescence in neurosurgery, spe-
cifically focusing on its therapeutic and diagnostic significance,
were included. The titles and abstracts of the articles were
screened, reviewed, and removed according to the inclusion cri-
teria. Additionally, all references and citations were screened to
ensure relevance to the topic under discussion.

Therapeutic role of fluorescence in neurosurgery

Photodynamic therapy

PDT is a minimally invasive treatment modality that utilizes
photosensitive agents, often photosensitizers, and light to selec-
tively destroy abnormal cells, such as tumor cells[19,20]. The
mechanism of PDT involves three key components: a photo-
sensitizer, light of a specific wavelength, and molecular
oxygen[21]. Upon administration of the photosensitizer, it accu-
mulates preferentially in tumor tissue. When exposed to light of
the appropriate wavelength, the photosensitizer becomes acti-
vated and initiates a photochemical reaction, generating reactive
oxygen species. These reactive oxygen species induce oxidative
stress, resulting in cellular damage and ultimately leading to
apoptosis or necrosis of the targeted cells[22].

Various fluorescent agents have been explored for their utility
in PDT, with 5-aminolevulinic acid (5-ALA) being one of the
most widely studied and utilized agents in neurosurgery[23]. 5-
ALA is a prodrug metabolized within cells to produce a fluor-
escent protoporphyrin IX (PpIX) compound. PpIX preferentially
accumulates in malignant glioma cells due to their altered meta-
bolism and decreased capacity for PpIX conversion to heme.
Upon exposure to blue light, PpIX fluoresces red, allowing for
real-time visualization of tumor tissue during surgery[24].

Fluorescence-guided resection using PDT has demonstrated
several clinical benefits in neurosurgical practice. By enabling
real-time visualization of tumor margins, fluorescence-guided

Table 1
The neurosurgical application of fluorescence imaging.

Neurosurgery Application

Brain tumor surgery Fluorescence imaging is extensively utilized in brain tumor surgery to improve tumor visualization, distinguish tumor tissue from healthy tissue, and guide
accurate tumor removal. This technology helps surgeons identify tumor boundaries, evaluate the extent of resection, and minimize damage to surrounding
brain structures, ultimately leading to enhanced patient outcomes[15]

Vascular neurosurgery Fluorescence imaging plays a significant role in visualizing and assessing blood vessels during vascular neurosurgery. It assists surgeons in identifying
abnormal vessel structures, evaluating blood flow characteristics, and guiding interventions such as aneurysm clipping or arteriovenous malformation
resection. By enhancing accuracy and ensuring safety, fluorescence imaging improves outcomes in vascular procedures[16]

Epilepsy surgery In cases involving cortical dysplasia or epileptic foci, fluorescence imaging finds application in epilepsy surgery. Through fluorescence-guided techniques,
surgeons can identify and remove abnormal cortical tissue, reducing the likelihood of recurrent seizures and improving seizure control in individuals with
drug-resistant epilepsy[17]

Spinal surgery Fluorescence imaging is also employed in spinal surgery to enhance visualization and precision. It aids in detecting spinal cord tumors, differentiation between
tumor and normal spinal cord tissue, and precise removal of tumors. Additionally, fluorescence imaging assists in identifying spinal cord ischemia during
complex spinal procedures, allowing for timely interventions to prevent neurological complications[18]
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resection allows for more accurate and complete removal of
tumor tissue while minimizing damage to surrounding healthy
brain parenchyma[25]. Studies have shown that the extent of
resection significantly predicts patient outcomes in glioma sur-
gery, with maximal safe resection associated with improved
progression-free survival and overall survival. Additionally,
fluorescence-guided resection has been shown to reduce the rates
of residual tumors and the need for repeat surgeries, thereby
improving patient morbidity and reducing healthcare costs[26].

Tumor-targeted therapy

Tumor-targeted therapy harnesses the specificity of fluorescent
agents to selectively deliver therapeutic agents to tumor cells
while minimizing systemic toxicity. These agents are utilized to
track and guide the delivery of therapeutic drugs specifically to
tumor cells, enhancing precision and effectiveness[27]. By incor-
porating fluorescent markers into drug formulations, neuro-
surgeons can visualize and monitor the distribution of drugs in
real time, ensuring accurate targeting of tumor cells while mini-
mizing damage to healthy tissue.

The fluorescent agents used in targeted drug delivery include:
1. Fluorescein: widely used for drug tracking and visualizing

ocular damage following treatment[28].
2. Green fluorescent protein: produced inside cells, allowing for

the identification of corneal layers and tracking protein
production[29].

3. Various fluorescent dyes: excitable in visible to near-infrared
wavelengths, enabling visualization and tracking of drug
distribution within tissues and cells[29].

4. Nile red: used as a fluorescent dye in liposomal formulations
for tracking and visualizing cell drug uptake in vitro and
in vivo[30].
These fluorescent agents play a crucial role in enhancing the

precision and effectiveness of targeted drug delivery systems by
enabling real-time visualization, monitoring, and tracking of
therapeutic agents within the body.

In neurosurgery, fluorescence is employed not only for track-
ing drug delivery but also for activating therapeutic agents. By
utilizing fluorescence-guided techniques, surgeons can precisely
identify tumor margins and selectively activate therapeutic agents
within the tumor site. This targeted approach allows for tailored
treatment, ensuring the therapeutic effects are concentrated on
the tumor cells while sparing healthy surrounding tissue[27,28].

The following advantages and limitations are listed in Table 2
related to tumor-targeted therapy in neurosurgery.

Intraoperative monitoring and guidance

Fluorescence-guided surgery enables real-time visualization of
different structures and types of tissue during surgical procedures.
Surgeons can accurately identify surgical targets by utilizing fluor-
escence imaging techniques, enhancing precision and reducing the
risk of damaging surrounding healthy tissue[36]. This real-time
visualization provides crucial guidance throughout the surgery,
allowing for more accurate and targeted interventions[37].

Fluorescence is vital in guiding tissue resection and preserva-
tion during surgical procedures. By using fluorescence-based
techniques, surgeons can distinguish between tumor and healthy
tissue with high molecular selectivity. This enables precise tissue
resection, ensuring that the surgical margins are accurately
defined and that as much tumor tissue as possible is removed
while preserving critical structures[25]. Fluorescence in guiding
tissue resection enhances the surgical outcome by improving the
extent of resection and reducing the likelihood of leaving residual
tumor cells[38].

Fluorescence-guided surgery has shown significant improve-
ments in surgical outcomes and patient safety. By providing real-
time visualization and guidance, fluorescence-based techniques
enhance the accuracy and precision of surgical procedures,
leading to improved outcomes such as the increased extent of
tumor resection and reduced rates of residual tumor cells[39]. This
targeted approach improves the efficacy of surgical interventions
and enhances patient safety by minimizing damage to healthy
tissue and critical structures. Fluorescence in surgery contributes
to better patient outcomes, reduced complications, and improved
safety during surgical procedures[25].

Diagnostic role of fluorescence in neurosurgery

Intraoperative tumor detection

Fluorescence imaging has numerous medical applications, includ-
ing cancer detection and treatment, vascular imaging, intraopera-
tive guidance during surgery, and monitoring physiological
processes at the biomolecular level[40–42]. The use of fluorescent
contrast agents for tumor identification and diagnostic purposes
has revolutionized medicine. From its usage in cancer imaging to
real-time visualization of tumormargins during surgery, fluorescent
contrast agents are crucial in improving diagnostic accuracy and
sensitivity and guiding treatment decisions[43–45].

Within clinical practice, different areas of focus for fluorescent
diagnosis make it an asset in the medical world. Autofluorescence
imaging has detected specific premalignant alterations previously
undetectable under white light, such as low-grade dysplasias in

Table 2
The advantages and limitations of tumor-targeted therapy.

Advantages Limitations

Precision: Targeted therapy enables precise delivery of drugs to tumor cells, minimizing
damage to healthy tissue[31]

Resistance: Tumor cells can develop resistance to targeted therapies over time,
reducing their effectiveness[34]

Reduced side effects: By specifically targeting tumor cells, these therapies often have fewer
side effects than traditional chemotherapy[32]

Specificity: Identifying suitable targets for specific brain tumors can be challenging,
limiting the applicability of targeted therapies[27]

Enhanced efficacy: Targeted drugs can more effectively halt tumor growth by interfering with
specific molecular pathways unique to cancer cells[27]

Cost: Some targeted therapies can be expensive, posing financial challenges for
patients[34]

Personalized treatment: Tailoring treatment to the individual characteristics of the tumor leads
to more personalized and effective therapy[33]

Clinical trials: The availability of targeted therapies may be limited to clinical trial
settings, restricting access for all patients[35]

Rauf et al. Annals of Medicine & Surgery (2024)

4257



Barrett’s esophagus[46]. The ability to detect these changes at the
preliminary stage means it is ideal for early detection of
cancers[47,48].

Autofluorescence in neurosurgery, similarly, plays a vital role.
This passage discusses autofluorescence spectroscopy, a technique
that examines the natural fluorescence emitted by tissues for
characterizing different types of brain tumors and normal tissues.
This method is affordable and easy to use, as it allows for the
simultaneous evaluation of various molecules within tissues.
Differences between normal and tumor tissues can be identified by
analyzing the levels of certain molecules like collagen and
lipids[49]. Endogenous cellular fluorophores also include various
compounds such as nicotinamide adenine dinucleotide, nicotina-
mide adenine dinucleotide phosphate, flavin adenine dinucleotide,
lipofuscin, retinoids, in addition to collagen and elastin. Some of
these fluorophores interact with cellular proteins, resulting in
subtle alterations in fluorescence spectra. This result produces
specific fluorescence patterns, which offer valuable information.
This technique has been particularly beneficial in learning more
about cellular activities and tissue compositions[50]. Integrating
fluorescence and Raman signals can also differentiate between
tumor and nontumor tissue with enhanced accuracy. It is a widely
known fact in the medical community that fluorescence con-
tributes significantly to the signal obtained during Raman mea-
surements on biological tissue[51].

Detection of tumor margins and residual disease

Fluorescence-guided tumor resection has emerged as a promising
technique for improving patient outcomes in various surgical
procedures. Surgeons can visualize tumors and surrounding tis-
sue more clearly during the procedure using fluorescent dyes,
such as indocyanine green. This real-time visualization allows
them to achieve greater precision and accuracy in tumor removal,
resulting in increased complete resection rates. Complete resec-
tion of tumors has been associated with improved patient out-
comes, including increased overall survival and a decreased risk
of tumor recurrence. Furthermore, fluorescence-guided tumor
resection can help spare healthy tissue and reduce the risk of
damaging critical structures during surgery[52]. Numerous
fluorescent biomarkers have been studied to enhance intrao-
perative guidance and detect residual tumor tissue. Among these
biomarkers, 5-ALA is the most commonly utilized[53]. Based on
the existing clinical evidence, it is compellingly indicated that
utilizing ALA/PpIX fluorescence-guided resection has the poten-
tial to improve the precision and thoroughness of brain tumor
removal significantly. This effect is particularly pronouncedwhen
the technique is applied quantitatively, enhancing the ability to
precisely identify and remove tumor tissue during surgery[54].

Assessment of blood–brain barrier disruption

In experiments examining cerebral ischemia in animals, scientists
have observed impairment in the integrity of the blood–brain bar-
rier by employing fluorescent and radiolabeled markers. This
method allows researchers to track and assess changes in blood–
brain barrier function, providing valuable insights into the patho-
physiology of cerebral ischemia and potential therapeutic
interventions[55]. The utilization of in vivo near-infrared fluores-
cence imaging, employing fluorescently labeled albumin, stands as
an ideal technique for investigating the involvement of plasma
albumin extravasation in the pathophysiological mechanisms

underlying cerebral ischemia, alongside various other central ner-
vous system disorders. This method facilitates a comprehensive
exploration of the dynamics of albumin extravasation, shedding
light on its potential role in the progression and manifestation of
these conditions within the central nervous systems[56].

Because of its versatility, sensitivity, and noninvasive nature, it
is a powerful tool with significant potential and various appli-
cations in the medical field, enabling it to advance medical
research, diagnosis, and therapy.

Overview of preclinical and clinical trials

Neurosurgery often involves delicate procedures to achieve max-
imal tumor resection while minimizing damage to healthy tissue. In
recent years, fluorescence imaging has become a valuable adjunct to
traditional neurosurgical techniques. This review aims to provide
an in-depth analysis of preclinical and clinical studies investigating
the use of fluorescence in neurosurgery, including their key findings,
diagnostic accuracy, limitations, and challenges.

Numerous preclinical studies have demonstrated the potential
of fluorescence imaging in neurosurgery. For instance, Cho
et al.[57] conducted a study evaluating the diagnostic accuracy of
delta-5-ALA and indocyanine green coadministration in rodent
and human glioblastomas, showing promising results in tumor
visualization and delineation. Similarly, Acerbi et al.[58] explored
the use of the fluorescein-guided technique in resecting high-grade
gliomas, demonstrating high rates of complete tumor removal
based on postoperative MRI scans. These preclinical studies
highlight the efficacy of fluorescence imaging in enhancing tumor
visualization and resection.

Clinical studies have further validated the utility of fluores-
cence imaging in neurosurgery. Stummer et al.[59] conducted a
randomized controlledmulticenter phase III trial assessing the use
of 5-ALA for resection of malignant gliomas, reporting improved
extent of resection and progression-free survival. Cordova
et al.[60] conducted a phase II trial evaluating the impact of 5-ALA
on the extent of resection and survival outcomes in glioblastoma
patients, demonstrating significant associations between the
extent of resection, progression-free survival, and overall survi-
val. These clinical studies provide robust evidence supporting the
efficacy and safety of fluorescence imaging in neurosurgery.

Diagnostic accuracy

Fluorescence imaging has shown promising diagnostic accuracy
in neurosurgery. Preclinical and clinical studies have consistently
demonstrated its ability to enhance tumor visualization, improve
the extent of resection, and reduce the risk of recurrence. Cho
et al.[57] reported high diagnostic accuracy following the coad-
ministration of 5-ALA and indocyanine green in rodent and
human glioblastomas, highlighting its potential for accurate
tumor delineation. Similarly, Acerbi et al.[58] found that the
fluorescein-guided technique resulted in high rates of complete
tumor removal based on postoperative MRI scans, underscoring
its diagnostic utility.

Limitations and challenges

Despite its promise, fluorescence imaging in neurosurgery faces
several limitations and challenges. Systemic adverse effects, such
as nausea, vomiting, and cardiovascular responses, have been
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reportedwith the use of 5-ALA at high doses[59]. Additionally, the
interpretation of fluorescence images can be subjective and may
require specialized training. Furthermore, the cost and avail-
ability of fluorescence imaging systems pose barriers to the
widespread use of fluorescence imaging.

Technical considerations and limitations

Despite its potential benefits, fluorescence imaging in neurosur-
gery is not without technical limitations. One key challenge is the
need for specialized equipment, including fluorescent dyes and
imaging systems, which may not be readily available in all med-
ical centers[59]. Additionally, fluorescence signals can be affected
by tissue autofluorescence and background noise, potentially
reducing the accuracy of tumor detection[60]. Moreover, the
interpretation of fluorescence images can be subjective and
dependent on the surgeon’s experience, highlighting the need for
standardized protocols and training[58].

Standardization and validation of fluorescence-guided
techniques

Standardization and validation are crucial aspects of implementing
fluorescence-guided techniques in neurosurgery. While numerous
studies have demonstrated the efficacy of fluorescence imaging in
improving tumor visualization and resection, there is a lack of
standardized protocols for drug administration, imaging parameters,
and data interpretation[57]. Furthermore, the validation of fluores-
cence-guided techniques often relies on subjective endpoints, such as
the extent of resection, which may vary between studies[58]. To
address these issues, multicenter trials with standardized protocols
and objective outcome measures are needed to validate the efficacy
and safety of fluorescence-guided techniques in neurosurgery[60].

Cost-effectiveness and accessibility

Cost-effectiveness and accessibility are significant barriers to the
widespread adoption of fluorescence imaging in neurosurgery.
The initial investment required for purchasing fluorescence ima-
ging systems and fluorescent dyes can be substantial, particularly
for more minor medical centers with limited resources[61].
Moreover, the ongoing costs associated with maintenance,
training, and consumables may further limit accessibility[58].
Additionally, reimbursement policies may vary between health-
care systems, impacting patients’ and providers’ affordability of
fluorescence-guided techniques[57].

Fluorescence imaging holds great promise as a valuable tool in
neurosurgery, offering enhanced tumor visualization and
improved surgical outcomes. Preclinical and clinical studies have
provided compelling evidence supporting its efficacy and safety.
However, systemic adverse effects and cost constraints must be
addressed to facilitate broader adoption. Continued research and
technological advancements are needed to realize the full poten-
tial of fluorescence imaging in neurosurgery.

Future consideration

In neurosurgery, fluorescence imaging has become a valuable tool
for enhancing visualization and surgery outcomes. Fluorescence
in oncological neurosurgery is a developing field, and with
advancements in this field, the standards of extensive and safe
resection have been raised. To enhance surgical outcomes,

integrating fluorescence agents with intraoperative imaging has
become a common practice[62]. One notable application of this
approach is seen in high-grade glioma surgery, where the com-
bination of fluorescence-guided techniques with contrast-
enhanced ultrasound has proven to be a safe, efficient, quick, and
cost-effective method for tumor resection, surpassing alternative
modalities such as computed tomography and MRI[63]. In con-
junction with artificial intelligence, fluorescence imaging has also
demonstrated notable benefits in achieving extended yet safe
tumor resection. One such example was when fluorescence ima-
ging was combined with deep convolutional neural networks to
provide rapid and precise diagnosis of glioma during surgery[64].

Fluorescence imaging is increasingly being utilized in cere-
brovascular surgeries as well. A notable advancement in this field
is the intraoperative application of multispectral fluorescence
(MFL) imaging, which employs indocyanine green as a fluor-
escent agent. MFL imaging enables real-time visualization of
blood vessel perfusion, and research indicates that this innovative
technology offers advantages in terms of efficiency compared to
the traditional gold standard method, digital subtraction angio-
graphy (DSA)[65,66]. Unlike DSA, MFL imaging does not require
interruption of the ongoing procedure, resulting in significant
time savings. Furthermore, studies demonstrate that the accuracy
of information regarding blood flow and vessel patency obtained
through MFL imaging correlates well with that of DSA[67].

Conclusion

In conclusion, fluorescence in neurosurgery offers a wide range of
benefits in both therapeutic and diagnostic approaches. It enlight-
ens surgical precision by helping identify tumors, demarcation, and
target drug delivery, ultimately leading to better patient outcomes.
While all of these advantages, some limitations, like technical lim-
itations and standardized issues, challenge its efficacy. Overall,
fluorescence imaging is a futuristic tool with the potential to shape
personalized treatment approaches and advancement in patient
care through collaboration among clinicians and surgeons.

The take-home message of this review is that while fluores-
cence imaging in neurosurgery holds transformative potential,
offering enhanced precision and diagnostic capabilities, addres-
sing ongoing technical and cost-related challenges through con-
tinued research and collaboration is imperative to realize its
impact on personalized patient care fully.

Limitations

While this review provides valuable insights, several limitations
must be acknowledged. First, the literature searchwas confined to
English-language publications, potentially overlooking relevant
studies in other languages. Second, despite efforts to utilize
comprehensive databases, there remains a possibility of missing
pertinent studies that could have enriched the discussion.
Moreover, the review primarily concentrates on the joint role of
fluorescence in neurosurgery, potentially neglecting other rele-
vant aspects. Lastly, information bias cannot be entirely ruled
out, as interpretations of the included studies may have been
influenced by subjective perspectives.
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