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Multimodal soft tissue markers for bridging  
high-resolution diagnostic imaging with  
therapeutic intervention
Anders E. Hansen1*, Jonas R. Henriksen1*, Rasmus I. Jølck1*, Frederikke P. Fliedner2,  
Linda M. Bruun1, Jonas Scherman3, Andreas I. Jensen4, Per. Munck af Rosenschöld3, 
Lilah Moorman5, Sorel Kurbegovic2, Steen R. de Blanck6, Klaus R. Larsen7, Paul F. Clementsen8,9, 
Anders N. Christensen10, Mads H. Clausen11,12, Wenbo Wang1, Paul Kempen1, 
Merete Christensen11, Niels-Erik Viby11, Gitte Persson13, Rasmus Larsen10, Knut Conradsen10, 
Fintan J. McEvoy5, Andreas Kjaer2, Thomas Eriksen5, Thomas L. Andresen1†

Diagnostic imaging often outperforms the surgeon’s ability to identify small structures during therapeutic proce-
dures. Smart soft tissue markers that translate the sensitivity of diagnostic imaging into optimal therapeutic inter-
vention are therefore highly warranted. This paper presents a unique adaptable liquid soft tissue marker system 
based on functionalized carbohydrates (Carbo-gel). The liquid state of these markers allows for high-precision 
placement under image guidance using thin needles. Based on step-by-step modifications, the image features 
and mechanical properties of markers can be optimized to bridge diagnostic imaging and specific therapeutic 
interventions. The performance of Carbo-gel is demonstrated for markers that (i) have radiographic, magnetic 
resonance, and ultrasound visibility; (ii) are palpable and visible; and (iii) are localizable by near-infrared fluores-
cence and radio guidance. The study demonstrates encouraging proof of concept for the liquid marker system as 
a well-tolerated multimodal imaging marker that can improve image-guided radiotherapy and surgical interventions, 
including robotic surgery.

INTRODUCTION
Diagnostic imaging has undergone tremendous development in terms 
of precision and accuracy, and solid malignancies are identified at 
increasingly smaller sizes and at earlier stages. This has revolution-
ized the ability to accurately plan radiation therapy and surgical in-
terventions, resulting in improved patient outcomes (1,�2). However, 
using diagnostic imaging of such resolution for therapeutic inter-
vention has proven difficult and has identified unmet needs for 
smart fiducial markers that allow surgeons to translate image find-
ings to therapy.

Image-guided radiation therapy (IGRT) has improved the preci-
sion and enabled the reduction in safety margins, which has lowered 
treatment-associated toxicities (3). IGRT is inherently dependent on 
accurate localization of the cancerous tissue from diagnostic imaging 
through the radiotherapy course, e.g., via three dimensional cone-
beam computed tomography (CBCT), which is a nontrivial proce-
dure for a number of locations and tissues. As an example of this, 
suboptimal CBCT contrast is encountered when cancerous and sur-
rounding tissues have too similar radiographic attenuation, which 
may require the use of large treatment safety margins (4). Solid 
radiopaque soft tissue markers provide a possible solution to this 
problem. However, their application is challenging for a number of 
indications in terms of patient discomfort, placement and marker 
migration, proton therapy dose perturbation, and distortion of the 
planning images (5,�6). These challenges are highlighted in study 
reports of patients with lung cancer where percutaneous insertion 
of markers was associated with pneumothorax and bronchoscopic 
procedures with dislodging and migration (7�10). For IGRT in pa-
tients with prostate cancer, transrectal ultrasound-guided insertion of 
metallic markers using large-gauge needles has been associated with 
urination problems and symptomatic infections despite antibiotic 
prophylaxis (11,�12). The ideal marker for IGRT should be visible 
across radiography-based modalities, magnetic resonance imag-
ing (MRI), and ultrasonography (US); be administered using mini-
mally invasive techniques; display positional and geometrical stability; 
and maintain imaging properties throughout the course of therapy.

Flexible markers with multimodal imaging properties are not 
only of interest for radiotherapy guidance. Surgical oncologists are 
often challenged in�localization of diseased tissue in patients diag-
nosed with small lesions during, e.g., lung and breast cancer screening 
programs (12�14). Video-assisted thoracic surgery (VATS) is often 
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the method of choice to resect small pulmonary lesions (15). How-
ever, intraoperative localization of small lesions can be challenging, as 
these are often nonvisible and nonpalpable (16�18). Modern mam-
mography identifies lesions at increasingly smaller sizes, which are 
challenging for surgeons to accurately locate and excise. In an at-
tempt to improve surgical outcome, wire-guided localization (WGL) 
and radio-guided occult lesion localization (ROLL) have been applied. 
The WGL technique has been associated with complications, including 
wire migration and transection, interference with the surgical pro-
cedure, and patient discomfort (14,�19,�20). The ROLL technology, 
where technetium-99m�labeled human serum albumin colloids are 
injected directly into tumors, and the use of colored or near-infrared 
(NIR) fluorescent dyes were therefore developed as possible alter-
natives (14,�21). These technologies suffer from rapid dispersion of the 
marker material, resulting in inefficient surgical guidance. Further-
more, technetium-99m has a short half-life, and verification of the 
position of injection is not possible on mammography. To circumvent the 
dispersion of radioactivity, the use of low-activity iodine-125 (half-
life, ~59 days) metallic seeds was investigated for surgical guidance, 
but the insertion of seeds requires large-gauge needles, and patient dis-
comfort has been reported (14,�20,�22). The observed benefit of surgical 
guidance has expanded the use of ROLL techniques to solitary lung 

tumors and thyroid carcinomas (23), and encouraging data have been 
reported for intraoperative localization of atypical lesions (24).

Despite efforts to improve current soft tissue markers, those 
available for radiation therapy and surgical guidance have short-
comings in terms of practicability and accuracy in translation of 
diagnostic image findings into therapeutic intervention. To bridge 
this gap, we have developed a liquid fiducial marker system, Carbo-gel, 
that allows for visualization across multiple imaging techniques, 
simple injection via small-gauge needles, and provides accurate and 
precise guidance of radiotherapy and surgical procedures. Upon in-
jection of Carbo-gel into soft tissue, the liquid marker forms a stable 
well-defined marker at the site of injection. Injection and clinical 
performance of Carbo-gel with radiographic contrast have been 
demonstrated in patients with locally advanced non�small cell lung 
cancer and esophageal cancer. Encouragingly, none of the included 
patients developed pneumothorax associated with the marker injec-
tion, and negligible migration and stable marker contrast were ob-
served (25,�26). Following this, we expanded the Carbo-gel system 
to include clinically requested imaging properties. We have evaluated 
the clinical value of the marker system with a stepwise addition of 
image and palpatory properties across preclinical translational models. 
This study presents marker designs for radiotherapy and conventional, 

Fig. 1. Applications for the Carbo-gel marker system and chemical structures constituting the Carbo-gel liquid marker system. (A) The liquid soft tissue marker 
may be administered with high precision to virtually all locations accessible by small-gauge needles. The markers were developed for guiding radiotherapy, as well as 
conventional, image-guided, and robotic surgery that each benefit from fiducial markers. The Carbo-gel markers are intrinsically visible on US and MRI, and sequential 
addition of further imaging properties is demonstrated with X-mark that also has radiographic/x-ray contrast, XPV-mark that additionally is visible and palpable in soft 
tissue, and XPVN-mark that has the additional property of being visible using NIR fluorescence imaging. PET and SPECT imaging and radiosurgery properties were includ-
ed in XPVN-[125I]-mark and XPVN-[64Cu]-mark by the incorporation of radionuclides (Photo credit: Jonas R. Henriksen, Technical University of Denmark). (B) The unique 
marker properties such as MRI and US contrast and palpability are obtained by dissolving carbohydrate esters with cosolvents. Additional imaging functionalities are 
acquired by adding radioactive or x-ray contrast agents or ultraviolet-visible (UV-vis) or NIR dyes. R = Me/Et/iPr for the carbohydrate esters, and R = pentyl, heptyl for the 
triglycerides (Photo credit: Jonas R. Henriksen, Technical University of Denmark).
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image-guided, and robotic surgery to demonstrate (i) radiographic 
contrast (X-mark) with sequential addition of (ii) soft tissue palpa-
tory and visual properties (XPV-mark), (iii) NIR fluorescence 
(XPVN-mark), and, last, (iv) radionuclides for radiation-based im-
age guidance (XPVN-[64Cu]-mark and XPVN-[125I]-mark).

RESULTS
Carbo-gel: A liquid carbohydrate-based multimodal  
marker system
Carbo-gel is a liquid marker system intended for use in soft tissues. 
The liquid properties allow for percutaneous and endoscopic injec-
tion using small-gauge needles, with high positional accuracy and 
precision using image guidance. After injection into soft tissue, the 
liquid forms positionally stable markers with characteristics opti-
mized for several imaging modalities (Fig.�1A).

Carbo-gel is based on esterified carbohydrates such as sucrose, 
lactose, or trehalose scaffolds (Fig.�1B) with varying hydrophobicities 
depending on the acyl substituents (acetate, propionate, or isobutyrate). 
These carbohydrate esters form homogeneous injectable liquids when 
dissolved in biocompatible cosolvents such as ethanol (EtOH), benzyl 
alcohol, propylene carbonate, or liquid triglycerides (Fig.�1B). Syn-
thetic chemical functionalization of the carbohydrate esters and mod-
ification of the marker composition allow for inclusion of unique 
features, for example, computed tomography (CT), US, MRI, NIR 
fluorescence, colored dyes, single photon emission computed tomog-
raphy (SPECT), and positron emission tomography (PET) in a step-
by-step manner. The physical properties of the marker can be further 
optimized on the basis of the chosen carbohydrate scaffold to give 
either highly viscous gel-like markers [sucrose acetate isobutyrate 
(SAIB)] or amorphous solid markers [lactose octaisobutyrate (LOIB)] 
for in situ palpation (Fig.�1B and fig. S1, and Supplementary Materials). 
Once injected into tissue or water, the liquid marker undergoes 
nonsolvent-induced phase separation, where the cosolvent diffuses 
into the surrounding soft tissue. The limited water content, rigid tex-
ture, and hydrophobicity of Carbo-gel render the markers intrinsi-
cally visible on US and as signal void regions on T1- and T2-weighted 
MRI. The US characteristics enable real-time image guidance during 
injection (movie S1) (27). On the basis of cosolvent polarity, differ-
ent efflux rates may be achieved, which affect the mechanical and 
physiochemical properties of the markers in tissues. Generally, the 
more polar solvents, such as ethanol, diffuse more readily from the 
markers, whereas less polar solvents, such as benzyl alcohol or tri-
glycerides, are retained to a greater extent. Upon cosolvent efflux, the 
markers form structures with varying degrees of porosity, as shown 
by cryo�scanning electron microscopy (fig. S2, A and B).

X-mark: A liquid radiographic contrast soft tissue marker
The injectability through small-gauge needles makes Carbo-gel highly 
attractive as an IGRT fiducial marker if sufficient radiographic opacity 
and positional stability can be achieved. For this purpose, the electron- 
dense iodinated compound, xSAIB (Fig.�1B), was synthesized as a 
mixed isobutyrate, triiodophenoxyacetate (TIPA) sucrose ester de-
rivative (Supplementary Materials, fig. S1, synthesis of xSAIB) to 
provide radiographic contrast with minimal image distortion (6). This 
provides a substantial advantage compared with artifacts introduced 
on x-ray� and MRI-based images by current metal-based fiducials 
(27). Incorporation of increasing amounts of xSAIB in Carbo-gels 
(SAIB or LOIB based) provided an excellent CT contrast of 1000 to 

9000 Hounsfield units (HU) (Supplementary Materials; fig. S2, C and 
D). The aromatic organo-bound iodine (TIPA) and high hydropho-
bicity of xSAIB (log P�=�15.1) (28) render xSAIB weakly soluble in 
ethanol and insoluble in water, resulting in complete retention of 
xSAIB with only minimal degradation of the compound observed 
over 99 days in buffers from pH 5 to 8 (Supplementary Materials; 
fig. S3, A and B). The performance and applications of xSAIB for-
mulated as X-mark (SAIB:xSAIB:EtOH, 50:30:20) were evaluated and 
advanced into preclinical testing.

To investigate the imaging characteristics of X-mark, 50-ml markers 
were injected subcutaneously in the flanks of mice, and micro-CT 
imaging was performed over a period of 98 days. X-mark retained 
high radiodensity (>1750 HU) throughout the study (Fig.�2A), and 
no adverse reactions or toxicities were observed (fig. S4, A to D). 
Markers were easily identified as clear viscous structures ex�vivo, 
displaying high geometrical and positional stability (Fig.�2B), which 
is highly important for their application as three-dimensional fidu-
cial markers for IGRT. An initial ~20% reduction in marker volume 
was observed within the first hours after injection due to ethanol efflux 
(Fig.�2C, inset). A slow degradation of the markers was observed 
during the 98-day imaging period, yielding an additional marker 
volume reduction of approximately 15% (Fig.�2C) and an increase 
in radiocontrast with respect to the marker edge (Fig.�2D).

The optimal liquid marker system has equal performance across 
different soft tissues and injection volumes. To investigate the in-
fluence of tissue composition, ethanol efflux kinetics and coalescing 
properties were compared for X-mark (50�ml) injected in the subcu-
taneous space and adipose tissue of rats. No significant differences 
were identified in marker surface area (Am) 6 hours after injection 
(P�=�0.33) or time required for 95% completion of ethanol efflux 
(P�=�0.68) for markers injected subcutaneously (T95%�=�165�–�45�min, 
Am�=�0.54�–�0.05�cm2) or in adipose tissue (T95%�=�138�–�45�min, 
Am�=�0.62�–�0.05�cm2) when evaluated by micro-CT (Supplementary 
Materials; fig. S4, E to G). Marker volume may vary with different 
clinical situations. The influence of marker volume on efflux kinetics 
was, therefore, explored. Here, the mean ethanol efflux time from a 
200-ml marker (T95%�=�330�–�54�min) was significantly (P�=�0.009) 
longer compared with 50�ml of X-mark (T95%�=�165�–�45 min) (Sup-
plementary Materials; fig. S4, E to G). This may be explained by the 
reduction in marker surface area�to�volume ratio, which increases 
diffusion length and slows ethanol efflux. However, no clinical im-
pact on marker performance is expected from these differences.

The liquid state and imaging properties of X-mark make it at-
tractive as an IGRT fiducial marker in, e.g., the lungs and thoracic 
cavity because of ease of transbronchial marker placement (Fig.�1A). 
Translational studies were therefore conducted in pigs, as they are 
the preferred animal model for translational respiratory research (29). 
Transbronchial placement and performance of X-mark markers were 
investigated over a 6-week study period. X-mark (200 to 500�ml) was 
injected by experienced thoracic surgeons using fluoroscopy- or 
US-guided percutaneous injections and endobronchial ultrasound 
(EBUS) or endoscopic ultrasound (EUS) injection. X-mark (200 to 
500�ml) was injected into the thymus (Fig.�2E), mediastinal lymph 
nodes (Fig.�2F), lungs (percutaneous; Fig.�2G), and liver (Fig.�2H). 
The marker characteristics were analyzed by seven consecutive CT 
scans performed during the study (Fig.�2,�E�to�H). In addition, CBCT 
and kilovoltage (kV) planar imaging were performed in conjunction 
with the second and seventh CT scans (Fig.�2,�E�to�H). The markers 
formed well-defined structures with acceptable volume stability, distinct 

 on N
ovem

ber 4, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 



Hansen et al., Sci. Adv. 2020; 6 : eabb5353     19 August 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 12

edges, high radiographic contrast, and excellent visibility across 
x-ray�based imaging modalities (Fig.�2,�I�and�J, and figs. S5 and S6). 
These characteristics render X-mark optimal for radiography-based 
imaging techniques on modern IGRT equipment. The increasing use 
of MRI in radiotherapy treatment planning (30) has created the need 
for optimized soft tissue markers to bridge MRI coregistration to 
radiography-based modalities. Preceding studies in phantoms of 
X-mark demonstrated excellent imaging properties with low levels of 
image distortion on MRI in comparison to metal-based solid markers 
(27). MRI of X-mark placed in the thymus of a pig was performed 
postmortem. Here, the marker was identified as a signal void struc-
ture on T1- and T2-weighted images (fig. S5), potentially allowing it 
to serve as fiducials in both MRI- and radiography-based IGRT.

XPV-mark: A palpable and visible surgical marker
Localizing small nonpalpable nodular lung lesions during VATS is 
challenging. A surgical marker that can be positioned with high 
precision and aid in�localizing the lesion of interest either visually or 
by palpation is, thus, highly warranted. On the basis of the Carbo- 
gel system, XPV-mark was developed as a liquid injectable soft tis-
sue marker that renders nonpalpable lesions palpable and visible for 

surgical localization. The XPV-mark composition (LOIB:xSAIB: 
EtOH:DC2, 51.9:30:18:0.1) is based on the solidifying carbohydrate 
ester LOIB, the radiopaque xSAIB with addition of the hydrophobic 
blue color D&C Violet 2 (DC2) (Fig.�1B). This composition was 
investigated for injectability, palpability, CT contrast, and visibility 
in bench testing and in preclinical models (Fig.�3,�A�to�I).

Upon injection, XPV-mark formed rigid markers at 25° and 37°C 
with a 700-fold higher resistance to compression than the SAIB-based 
X-mark (Fig.�3B), and XPV-mark was, therefore, chosen as the pre-
ferred palpable marker. The viscosity of the liquid marker before injec-
tion is directly dependent on both temperature and ethanol content, 
which affects the forces needed to shear the marker in�vivo and the 
syringe backpressure required for injection. Therefore, the XPV-mark 
composition was designed to produce acceptable backpressures of 
<80�N to allow for injection through endoscopic aspiration needles, 
allowing transbronchial marker injection (Fig.�3C).

The ability of the formed rigid XPV-markers to guide localization 
of nonpalpable peripheral lung lesions was investigated in a proof-
of-concept study in pigs. On the basis of CT and real-time fluo-
roscopy guidance, 300 to 600� ml of XPV-mark (LOIB:xSAIB: 
EtOH:DC2, 51.9:30:18:0.1) was percutaneously injected into lungs of 

Fig. 2. CT contrast and stability of X-mark and evaluation of performance in pigs. (A) Contrast and stability in mice were evaluated by injecting 50 ml of X-mark sub-
cutaneously and CT scans performed repeatedly over a 98-day period, representative image for day 98. (B) Ex vivo (>99 days), the markers were transparent and well 
defined (Photo credit: Anders E. Hansen, Technical University of Denmark). (C) Volume segmentation analysis of the CT images demonstrates a gradual volume decrease 
over the 98-day period (n = 8), and an initial volume reduction caused by ethanol efflux (n = 3) (inset). The time required for 95% complete ethanol efflux (T95% = 141 ± 32 min) 
was determined using a single exponential decay fit for each curve in the inset of (C). (D) The stability of radial CT contrast distribution for a representative marker is 
demonstrated at five time points. Feasibility and performance of X-mark in pigs. Axial CT image (left) and kV planar imaging (right) of 200 ml of X-mark (yellow circles) in 
the left and right lobe of the thymus injected using EBUS (E), 200 ml of X-mark (yellow circle) injected using EUS in an mediastinal lymph node (F), 200 and 500 ml of X-mark 
(yellow circles) injected percutaneously in the lung (G), and 200 ml of X-mark (yellow circles) injected percutaneously in the liver (H). (I) Volume of the segmented markers 
on CT performed at days 2 and 45. (J) CT contrast over time of segmented markers.
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