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Accurate identification and characterization of lymph node 
metastases (LNM) has important therapeutic and prognos-
tic implications for most malignancies, with the site and 
number of involved LNs having a directive value on patient 
staging, treatment selection and planning, and eventual treat-
ment outcomes [1, 2]. Clinically, detection of LNMs relies 
on invasive biopsy procedures. A combination of 99mTc col-
loids and optical dye is typically used to guide SLN biopsy, 
followed by pathological assessment of the excised LNs [3]. 
The success of this method relies on quantity and quality 
of biopsied LN samples and comprehensive microscopic 
inspections of entire LN volumes which is unrealistic and 
prone to inter-operator variability. Noninvasive imaging 
methods, primarily, computed tomography (CT), magnetic 
resonance imaging (MRI), or positron emission tomography 
(PET) are also used routinely in the clinic and are comple-
mentary to biopsy procedures [4]. However, each method is 
fraught with its own set of limitations—structural imaging 
modalities such as MRI and CT rely on nodal size and mor-
phology with limited sensitivity and specificity. The pres-
ence of necrosis on MRI is another commonly used indicator 
of LNMs. However, it suffers from inter-observer variability 

and demonstrates poor negative predictive value, particu-
larly for non-enlarged and smaller nodes [4]. Functional 
MRI methods that evaluate diffusion and perfusion suffer 
from drawbacks such as suboptimal signal-to-noise ratio 
and poor spatial resolution, which impacts both specificity 
and sensitivity of diagnoses. Dynamic contrast-enhanced 
(DCE) MRI that assesses vascularity has also demonstrated 
moderate success (72% sensitivity and 87% specificity) in 
LNM identification [2]. Molecular imaging methods such as 
PET may overcome some of these challenges and provide 
substantially improved sensitivity and specificity over struc-
tural imaging modalities. [18F]FDG-PET is a widely used 
tool in PET imaging of sentinel LNs, demonstrating high 
sensitivity (~ 92–100%) and mixed specificity (77–93%), 
although recent reports have demonstrated limited specific-
ity in differentiating LNMs from inflamed LNs [1, 5]. How-
ever, the biggest challenge with PET imaging of LNMs lies 
in the limited spatial resolution: ~ 8–10 mm in conventional 
whole-body scanners and 4–5 mm in specially designed 
organ-specific scanners. Thus, it is somewhat unrealistic to 
rely on PET for detection of early LNMs, occult metastases, 
and extracapsular and extranodal extensions (ENE) within 
the LNs. Other targeted radiotracers such as [68 Ga]PSMA 
have also been used in LNM staging in prostate cancer, but 
non-specific uptake in adjacent ganglia was demonstrated to 
be a major pitfall [1].

Hypoxia is an attractive target for LNM imaging and 
staging owing to its well-established role as a negative 
prognostic factor in malignancies such as head and neck, 
breast, pancreatic, and prostate cancers. Hypoxic micro-
environments result from aberrant tumor metabolism and 
dysregulated vascular supply; are associated with tumor 
progression, invasion, and metastasis; and lead to treat-
ment failure in chemo-, radiation, and immunotherapies [6, 
7]. Locally advanced and recurrent cancers show enhanced 
hypoxia at the primary site as well as in the draining 
lymphatic nodes [6, 8]. Traditional methods of hypoxia 
measurement rely on invasive polarographic methods in 
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accessible primary tumors or LNs. These methods lack 
spatial information and repeatability, limiting their clini-
cal utility. In contrast, noninvasive LNM imaging with 
hypoxia-targeting agents such as [18F]fluoromisonidazole 
(FMISO) and [18F]fluoroazomycinarabinoside (FAZA) 
PET provides quantitative, spatial, and longitudinal imag-
ing capabilities and is being evaluated in various clinical 
trials, across a broad spectrum of cancers [9–11]. Simi-
larly, bivalent  [60/61/62/64Cu]Cu-labeled diacetyl-bis(N4-
methylthiosemicarbazone) (Cu-ATSM) has emerged as a 
promising hypoxia tracer. However, only limited studies 
have evaluated the potential of Cu-ATSM in LNM staging 
[9, 12]. The use of [18F]FDG as a surrogate biomarker of 
hypoxia has been proposed owing to HIF-driven upreg-
ulation of glucose transporters (GLUTs) and glycolytic 
enzymes. However, recent studies have found that tumor 
cells shift their metabolism towards fatty acid oxidation 
to survive in LN microenvironments [13]. Thus, the utility 
of [18F]FDG in hypoxia-targeted LNM identification and 
staging may be limited, highlighting the need for more 
specific tracers.

Other hypoxia-specific molecular tracers targeting aber-
rant tumor metabolism have primarily focused on upregu-
lated transcription factors of hypoxia-inducible factors 
1 and 2 (HIF 1 and 2). Carbonic anhydrase IX (CAIX), a 
transmembrane enzyme involved in the cellular regulation 
of pH homeostasis and a downstream target of HIF-1α, has 
emerged as a promising target for hypoxia imaging [14]. 
With the exception of renal cell carcinoma, CAIX expres-
sion is constitutively upregulated in and strongly correlated 
with reduced oxygenation status in primary and metastatic 
sites in several tumor types [15]. CAIX gene expression is 
associated with poor prognosis and is upregulated in LNMs 
of patients with breast and cervical cancer, oral cavity squa-
mous cell carcinoma, melanoma, and as demonstrated by 
Tian et al. in this issue of the European Journal of Nuclear 
Medicine and Molecular Imaging, in occult LNMs and 
ENEs of primary and recurrent nasopharyngeal carcinomas 
[15–21]. Thus, development of CAIX-specific diagnostic 
and therapeutic agents is emerging as a promising strategy 
to target hypoxic and metastatic lymph nodes.

The Grawitz250 (G250) monoclonal antibody (mAb) 
developed in the 1980s by Oosterwijk et al. was the first 
tracer targeting CAIX in clear cell renal cell carcinoma [22]. 
Since then, a number of studies have reported the application 
of chimeric version of G250 (cG250), other mAbs, and anti-
body fragments towards CAIX-targeted imaging [15, 23]. 
PET and optical imaging probes based on these antibody 
and antibody fragments have shown excellent selectivity for 
LNMs in preclinical investigations [16, 24–27]. A poten-
tial concern with mAb and mAb-based tracers stems from 
the relatively stable expression (half-life ~ 40 h) of CAIX, 
with the enzyme remaining on the cell surface even after 

reoxygenation, potentially increasing the percentage of false-
positive findings [15, 28].

Among the small molecule tracers for CAIX targeting, 
acetazolamide derivatives are the best investigated class of 
inhibitors demonstrating high affinity, availability, and ease 
of chemical modification [23, 29]. Agents such as 99mTc-
PHC-102 have shown promise in the clinic [30, 31]. Interest-
ingly, in vitro studies have shown that these inhibitors only 
bind the active CAIX enzyme under hypoxic conditions [28]. 
The ability to distinguish cells that are currently hypoxic 
from those are not, brings an important advantage to the sul-
fonamide inhibitor-based imaging agents when compared to 
mAbs. To further improve CAIX binding, dual motif ligands 
based on acetazolamide have been developed (first reported 
by Scheuermann and coworkers), demonstrating sub-
nanomolar binding affinity and dramatically enhanced tumor 
targeting in vivo [32]. The superior CAIX targeting capacity 
afforded by the dual binding motif can be especially valuable 
in capturing small and clinically undetectable LNMs which 
is critical for nodal staging and prognostication. The ligands 
have been broadly employed as templates for PET, optical, 
and photoacoustic imaging tracers in various primary tumor 
xenograft models; however, their application in LNM stag-
ing has only recently been explored [33–35].

In the present study, Tian and coworkers report a fluores-
cence molecular tomography (FMT) and ultrasound-guided 
photoacoustic imaging (US-PA) strategy for detection of 
occult LNMs and ENEs in mouse models of nasopharyn-
geal carcinomas (NPC) using the dual motif CAIX ligand 
conjugated to IRDye800 (CAIX-800) [21]. Fluorescence 
imaging with CAIX-800 could detect small nodal metastases 
with diameter less than 5 mm and volume range from 3 to 
15  mm3 with sensitivity of 81.3% and specificity of 93.8%. 
By comparison, [18F]FDG demonstrates poor sensitivity in 
detecting nodal metastases with volumes less than 80  mm3 
(less than 23% for LNs less than 5 mm) [1, 36]. Impressively, 
CAIX-800 could differentiate inflammatory from metastatic 
LNs, as a further advantage over [18F]FDG PET. US-PA 
imaging using the same construct enabled sensitive detection 
of pathological ENEs and micrometastatic LNs. On com-
parison with conventional T2-weighted MRI and ultrasound, 
US-PA with CAIX-800 demonstrated superior sensitivity in 
early detection of occult LNMs. US-PA could also noninva-
sively visualize and track pathological progression of ENEs 
through CAIX-800 signal in the nodal periphery, which was 
microscopically validated both by H&E and CAIX staining 
[21].

Although it remains to be tested in the clinical settings 
and several questions remain, these findings open a promis-
ing avenue for hypoxia-based imaging tracers in LNM detec-
tion and staging. To adequately assess the sensitivity for 
detection of early LNM and ENEs, it would be crucial to test 
CAIX-800 in more representative models of spontaneous 
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LNM arising from orthotopic tumors. Models arising from 
footpad injections may not truly represent the sparse number 
of cancer cells in LNM which may significantly impact the 
overall sensitivity and specificity of detection. Evaluating 
the specificity of the agent for CAIX compared to other iso-
forms of CA family of receptors, particularly CAXII and its 
impact on LNM staging, is another critical issue that needs 
attention before clinical translation can be envisaged. Cross-
reactivity with CAXII expression could be a confounding 
factor, although this stringent measure of selectivity may 
not be as important in detection of LNMs and disseminated 
disease [15]. It would be interesting to assess the utility of 
CAIX-800 as a companion diagnostic in treatment guidance 
and monitoring response to chemo-, radiation, and immune 
therapies, where hypoxia is a well-established defining fac-
tor of treatment outcomes. Although these studies were per-
formed in NPC mouse models, CAIX-800 may be broadly 
applicable to LNMs of other malignancies as well, given the 
overexpression of CAIX in several aggressive and recurrent 
cancers. This significantly multiplies the translational and 
clinical impact of CAIX-800.

US-PA and FMT imaging technologies are slowly being 
adopted in the clinic as viable approaches for LNM stag-
ing and resection [37–40]. The limited depth of penetration 
and relatively poor quantification afforded by these opti-
cal technologies severely hampers their widespread use. In 
particular, assessment of trunk nodes, which are the most 
frequent site of LNMs for many cancers, may be difficult 
with optical technologies. Thus, concerted efforts towards 
optical imaging technology improvement are needed. How-
ever, the assessment of occult LNMs for relatively superfi-
cially situated tumors such as NPC, head and neck tumors, 
breast cancers, and melanomas is readily achievable [39, 
40]. Radiation-free and user-friendly workflows with opti-
cal imaging technologies may allow for more frequent LNM 
staging, which is currently not possible by conventional 
imaging modalities, leading to improved prognostication 
and treatment planning in the clinic, at least for a subset 
of cancer types. Further, multimodal imaging workflows 
combining complementary imaging modalities, coupled 
with multimodal molecularly targeted tracers, may serve to 
significantly enhance the diagnostic accuracy and sensitivity 
in occult LNM detection [3, 41].

Overall, imaging of occult and early stage LNMs is 
critical and challenging and, therefore, an area of intense 
research interest both in the preclinical and clinical domains. 
Metastases are a major cause of cancer-related deaths and 
the establishment of LNM plays a key role in initiating the 
cascade [42]. Development of sensitive tracers that can 
detect early LNMs and noninvasively map their longitudi-
nal progression is crucial not only for improving the clini-
cal management of the disease but also in advancing our 
understanding of the biology and sequelae of the metastatic 

process. Since hypoxia is a ubiquitous feature of most can-
cers and plays an important role in the initiation and progress 
of the metastatic disease in locally advanced and recurrent 
cancers, the combination of enhanced noninvasive imaging 
methods, specific and sensitive molecular tracers, and robust 
animal models can potentially address this challenging issue.
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