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Hyperthermia-induced drug delivery in humans
A clinical study shows the feasibility and safety of the intratumoral release of an anticancer drug encapsulated in 
thermosensitive liposomes by heating the patient’s tumour via focused ultrasound.

Kullervo Hynynen

Toxicity often limits the amount of 
chemotherapeutic agents that can 
be systemically administered, which 

results in sub-therapeutic drug doses 
reaching target tissue, such as a tumour. 
By encapsulating the drug in liposomes1 (a 
class of phospholipid nanoparticle), toxic 
effects on healthy tissue can be reduced. In 
addition, as first proposed about 40 years 
ago, thermosensitive liposomes can increase 
drug dose at target sites by locally elevating 
their temperature2 (Fig. 1). In fact, a 
body of preclinical work has shown that 
thermosensitive liposomes and localized 
mild hyperthermia in the 41–45 °C range 
can enhance the concentration, distribution 
and therapeutic efficacy of a drug, owing 
to the local (rather than diffused) release 
of the drug and the increased perfusion 
and vascular permeability in the tissue3,4. 
Reporting in The Lancet Oncology, 
Constantin Coussios and colleagues now 
show in an open-label phase-I clinical 
trial that locally heating liver tumours in 
patients via B-mode ultrasound imaging-
guided scanned focused ultrasound (SFUS) 
after injection of doxorubicin-loaded 
thermosensitive liposomes enhances the 
concentration of the drug in the tumours5.

Coussios and co-authors selected 10 
patients who had pathologically confirmed 
incurable solid primary or secondary liver 
tumours that had progressed, or were stable, 
under conventional chemotherapy. For 
the first 6 patients, the authors inserted an 
invasive catheter into the tumour to take 
tissue samples before and after a 30-minute 
intravenous infusion of commercially 
available lyso-thermosensitive liposomal 
doxorubicin (LTLD; lysolipid thermally 
sensitive liposomes encapsulating the 
anticancer drug) at a dose of 50 mg m–². 
Afterwards, a temperature sensor was 
inserted in the catheter to monitor the 
tumour temperature during the treatment, 
which was performed under general 
anaesthesia. To minimize the impact of 
respiratory motion of the liver, high-
frequency jet ventilation was used. The 
authors used a commercial CE-marked 
focused ultrasound device marketed for 

deep-tissue ablation to heat the tumour 
tissue. This device has a large spherically 
curved transducer (diameter, 200 mm; 
radius of curvature, 145 mm) in a water 
bath, on top of which the patient is 
positioned. The transducer focuses the 
ultrasound energy (3 dB) into an ellipsoidal 
focal spot (1.3 mm wide and 9.5 mm 
long) that is positioned within the tumour 
volume6. A B-mode ultrasound-imaging 
transducer integrated in the therapy device 
was used to image the tumour and to 
aim the focal spot. During the treatment, 
the spot was mechanically moved over 
sequential lines to scan the complete tumour 
volume. The sonication powers were based 
on a treatment-planning programme that 
took into account the depth of the tumour.

The temperature recordings in 6 patients 
showed that the treatment resulted in 
fluctuating temperature elevations (up to 7 °C)  
during the scanning. Such fluctuations 
resulted from the time interval that it takes 
for the system to return the ultrasound 
focus back to the same location. The  
mean temperatures were between 38.9 °C  
and 41.5 °C, and a sustained mean 

temperature above 39.5 °C was achieved 
in 5 out of 6 patients for a mean duration 
of 40.8 minutes (in 1 patient, temperatures 
over 47 °C for 2 minutes were recorded, 
and 4 patients were sonicated without 
thermometry). Biopsies taken after the 
treatment showed that the sonication 
enhanced the concentration of doxorubicin 
in the sampled tumour volumes between 
1.3 to 9.3 times, compared with values 
obtained immediately after the drug 
infusion but before hyperthermia 
induction. The average enhancement 
factor was 3.7 ±  2.7. Up to a ninefold 
enhancement in doxorubicin concentration 
in tumour tissue could be achieved. 
This enhancement translated to a partial 
response in almost half of the tumours and 
to a reduction in the total tumour glycolysis 
in 4 out of 9 patients (as assessed at 2-week 
and 4-week follow-up visits by computed 
tomography, magnetic resonance imaging 
(MRI) and positron emission tomography–
computed tomography scans). However, 
drug concentration did not correlate with 
mean temperature, duration of temperature 
elevation, or thermal dose. MRI scans 1 day 
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Fig. 1 | Hyperthermia-induced drug delivery. As a tumour is heated via focused ultrasound, 
thermosensitive liposomes become unstable above a certain temperature threshold and release the 
encapsulated drug into the capillary blood vessel. The drug diffuses into the surrounding tumour tissue.
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after the treatment and cell-viability studies 
revealed the absence of tissue necrosis and 
of hyperthermia-induced side effects (such 
as skin burns). However, self-resolving 
grade-4 neutropenia, an expected adverse 
event related to LTLD, was detected in 5 out 
of 10 patients.

The lack of correlation between 
thermal exposure levels and drug dose 
highlights difficulties in heating tumour 
tissue in patients (Fig. 2). When SFUS is 
used to heat deep tissues, many factors, 
including ultrasound attenuation in 
overlying tissues, absorption at the focus 
and the heat-transfer properties of the 
tissue (thermal conduction, perfusion and 
blood flow in larger vessels), determine 
the actual rise in local temperature. The 
acoustic and thermal properties vary from 
patient to patient, tumour to tumour and 
location to location, and are not easily 
predictable7. Temperature elevations can 
be further influenced by tissue perfusion 
and blood flow. Multipoint thermometry 
has revealed heterogeneous temperature 
distributions throughout hyperthermia-
treated tumours8. Therefore, several of 
the large-animal experiments that have 
demonstrated enhanced drug delivery with 
LTLD have used online MRI thermometry 
and multipoint control to modulate the 
ultrasound power during scanning on 
the basis of the actual measured tissue 
temperature9. Overall, animal and 

clinical experience with SFUS-induced 
hyperthermia has demonstrated that 
temperature should be monitored during 
the treatment and that, owing to the 
heterogeneous temperature distribution, 
temperature should be used to control 
the SFUS during the scanning. This 
can be accomplished by using invasive 
temperature probes (as was the case in 
Coussios and colleagues’ study), although 
multiple sensors are required to permit the 
necessary temperature mapping8. Arguably, 
a better method is to use non-invasive 
MRI thermometry10. Without temperature 
mapping, it is probable that tumours are 
underdosed and that the clinical impact 
of the treatment is sub-optimal, as was the 
case in some of the earlier hyperthermia 
trials11. The heterogeneous nature of 
the temperature distribution is a likely 
contributor to the lack of correlation 
between thermal exposure and drug 
release, and most probably also explains 
the high variability of the measured 
temperatures and drug concentrations. 
Another factor that contributes to the 
heterogeneity of thermal exposure is slow 
scanning, which causes the tissue to cool 
below the thermal release threshold before 
being heated again. According to past work, 
the required scanning speeds for optimal 
drug release should be approximately 
an order of magnitude faster than those 
achieved by Coussios and colleagues12.

Four patients were treated without any 
thermometry on the basis of a treatment-
planning programme. Although the details 
of the programme were not published, 
it can be argued that this approach may 
not be sufficiently accurate for clinical 
purposes. Even after many decades 
of research, simulating temperature 
elevations in tissue can be problematic. 
First, the acoustic and thermal properties 
vary, are not easily measurable and may 
change during the treatment13. Second, 
the bio-heat transfer equations used are 
engineering approximations that work 
relatively well for device-design purposes, 
but are not physically accurate mainly 
due to the lack of thermally significant 
blood vessels14. This is why many of the 
focused ultrasound ablation devices use 
MRI thermometry to assure adequate 
thermal exposure. Also, MRI thermometry 
eliminates the possibility of underdosing 
or overdosing the target tissue, and avoids 
off-target effects.

Overall, Coussios and co-authors were 
able to demonstrate the feasibility and 
safety of hyperthermia-induced release of 
a drug in patients only after overcoming 
clinically relevant barriers: the lack of a 
clinical ultrasound device for inducing 
hyperthermia (they used a commercial 
ablation device at a low power), the 
difficulty of mapping tissue temperature 
(by using a treatment-planning programme 
and a single temperature sensor) and 
the reduction of liver motion (by using 
general anaesthesia and high-frequency jet 
ventilation). However, the use of general 
anaesthesia eliminates a safety factor 
that is commonly used in hyperthermia 
treatment. Patients report pain when the 
thermal damage threshold is approached 
in normal tissues, providing additional 
information from locations where the 
temperature is not monitored. In fact, 
patient feedback has been valuable in 
clinical hyperthermia treatments and 
contributed to their safety. Although 
additional clinical hurdles will have  
to be cleared, hyperthermia-induced  
drug delivery could one day improve  
the effectiveness of chemotherapy in 
patients. ❐
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Fig. 2 | Hyperthermia via focused ultrasound. Representative real-time temperature at a specific 
location in the tumour after the infusion of LTLD in a patient and during the application of focused 
ultrasound (grey area). Because of the long cooling periods between treatment cycles, heating in the 
first 30 minutes was sub-optimal. The dotted curve is an estimation of the bulk temperature (a fourth-
order polynomial fit to the data). The dotted horizontal line indicates the temperature threshold for drug 
release. Figure reproduced from ref. 5, under a Creative Commons licence CC BY 4.0.
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