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Abstract

Purpose: The lack of effective treatment options for pancreatic cancer has led to a 5-year
survival rate of just 8%. Here, we evaluate the ability to enhance targeted drug delivery using mild
hyperthermia in combination with the systemic administration of a low-temperature sensitive
liposomal formulation of doxorubicin (LTSL-Dox) using a relevant model for pancreas cancer.

Materials and methods: Experiments were performed in a genetically engineered mouse
model of pancreatic cancer (KPC mice: LSL-KrasG12D/*; |_SL-Trp53R172H/*: pdx-1-Cre). LTSL-
Dox or free doxorubicin (Dox) was administered via a tail vein catheter. A clinical magnetic
resonance-guided high intensity focussed ultrasound (MR-HIFU) system was used to plan
treatment, apply the HIFU-induce hyperthermia and monitor therapy. Post-therapy, total Dox
concentration in tumour tissue was determined by HPLC and confirmed with fluorescence
microscopy.

Results: Localized hyperthermia was successfully applied and monitored with a clinical MR-
HIFU system. The mild hyperthermia heating algorithm administered by the MR-HIFU system
resulted in homogenous heating within the region of interest. MR-HIFU, in combination with
LTSL-Dox, resulted in a 23-fold increase in the localised drug concentration and nuclear uptake of
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doxorubicin within the tumour tissue of KPC mice compared to LTSL-Dox alone. Hyperthermia,
in combination with free Dox, resulted in a 2-fold increase compared to Dox alone.

Conclusion: This study demonstrates that HIFU-induced hyperthermia in combination with
LTSL-Dox can be a non-invasive and effective method in enhancing the localised delivery and
penetration of doxorubicin into pancreatic tumours.

Focused ultrasound; hyperthermia; pancreatic cancer; KPC mouse model; magnetic resonance

Introduction

Pancreatic cancer is expected to become the second leading cause of cancer-related deaths in
the USA by 2020 [1,2]. The most common (85%) and deadly form of pancreas cancer is
pancreatic ductal adenocarcinoma (PDA). More than 53 000 patients in the USA will be
diagnosed with pancreatic cancer in 2016, and almost 42 000 deaths are predicted to occur
in the same year. The 5-year over-all survival rate is 8%, with the average life expectancy
after diagnosis with metastatic disease being 3—6 months. Surgery offers the only potential
for cure, yet less than 20% of patients that present with non-metastatic tumours are
amenable to resection [3], and the median survival after resection is still only 13—-20 months
[4-6].

For patients with non-resectable tumours (~85%), the standard-of-care has been
chemotherapy with or without radiation therapy. Although these therapies have been
successful in arresting tumour growth in pre-clinical trials [7,8], clinically they merely
extended survival and/or relieved symptoms to a modest degree. Indeed, they often only
result in increases in survival on the order of weeks [9]. The discrepancy between pre-
clinical and clinical results is thought to be due to the large differences in tumour
histopathology present in the xenograft and syngeneic autograph animal models used in pre-
clinical studies compared to the actual disease seen in humans [10].

The ineffectiveness of conventional chemotherapeutics in PDA is thought to be largely due
to the extensive stromal desmoplasia [11] and, in particular, to inordinately elevated inter-
stitial gel fluid pressures resulting from water in complex with high concentrations of
hyaluronic acid [12,13]. These pressures, in turn, cause widespread vascular collapse and
subsequent hypoperfusion. Interestingly, the vessels in PDA are otherwise structurally and
functionally intact [14], unlike the “leaky” vessels described in allograft and xenograft
systems. As such, the traditional transplantable tumour models do not accurately depict the
fluid mechanics and complexity in human PDA (reviewed in [15,16]), resulting in their
inability to predict clinical efficacy in drug trials. The recently developed genetically
engineered mouse model, in which mutant Kras and p53 alleles are expressed in pancreatic
cells, develops tumours that closely resembles the pathophysiology and molecular features
found in human PDA [17,18]. This animal therefore provides a more realistic model with
which to evaluate the potential for future therapies, especially in drug delivery.
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In addition to the physical barriers to drug delivery, the high drug dose required to achieve
clinically effective cytotoxicity in tumours often causes damage to actively propagating non-
malignant cells, resulting in serious side effects [19]. The development of novel strategies
for targeted drug delivery systems using clinically relevant animal models is therefore
urgently needed to combat this deadly disease.

Mild hyperthermia in combination with chemotherapy or other therapeutic molecules has
been used to treat cancers, with results indicating improved tumour responses and overall
survival [20]. Not only does mild hyperthermia have a sensitising effect on tumour cells, but
also the slight increase in temperature can increase the permeability of tumour vasculature,
increasing blood and interstitial fluid flow and in turn resulting in the equilibration of
interstitial fluid pressure [21]. Localized hyperthermia treatment used in combination with
encapsulated drug can result in preferential accumulation of the encapsulated drug in the
heated tumour [22-24], reducing the potential for systemic toxicity. Once within the tumour,
the encapsulated chemotherapeutic agent can be triggered to release (e.g. temperature,
enzyme or pH change). There are several temperature-sensitive liposomes (TSLs)
specifically designed to release the encapsulated drug with the application of mild
hyperthermia [25,26]. The use of these liposomes would therefore lead to the localised
distribution of the drug within the heated tumour.

Of the current technologies used to administer localised hyperthermia, high intensity
focussed ultrasound (HIFU) provides the most precise targeting of the heated region without
excess heating of collateral tissue [27,28]. The ability to monitor the treatment with MR-
guidance allows precise temporal and spatial control of the therapy [29]. Several studies
have shown the success of targeted drug delivery in solid tumours when hyperthermia is
applied using HIFU in conjunction with a TSL [19,30-33]. This therapy combination
therefore offers a promising solution in treating PDA. The objective of this study was to
evaluate the enhancement of drug delivery using MR-guided HIFU-induced hyperthermia, in
conjunction with a systemically administered low-temperature sensitive liposome loaded
with doxorubicin (LTSL-Dox) in a clinically relevant mouse model for PDA.

Materials and methods

Chemotherapeutic agents

A lyso-lecithin containing an LTSL-Dox formulation (ThermoDox®, Celsion Corp.,
Lawrenceville, NJ) with 2 mg doxorubicin/mL was obtained through a collaborative
agreement. Doxorubicin hydrochloride (Doxorubicin HCI, BioVision Inc., Milpitas, CA)
was used as the non-liposomal drug (Dox).

MR-HIFU system

A clinical MR-HIFU system (Sonalleve V1, Philips, Vantaa, Finland) on a clinical MRI
system (Achieva 3 T, Philips) was used for image acquisition, treatment planning,
hyperthermia administration and monitoring. Anatomical and temperature imaging at a
spatial and temporal resolution sufficient for mild hyperthermia in mice was facilitated by
using a custom small animal research coil setup [34].
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Animal model and study design

All experimental procedures were approved by the Institutional Animal Care and Use
Committee of the University of Washington, Seattle, WA. A genetically engineered strain of
Mus musculus with mutations of KrasG12D, Trp53R172H and Pdx-1-Cre recombinase
targeted to the pancreas (KPC mouse model) was used [13,17].

Tumour bearing KPC mice were enrolled into the study when the tumour reached 1 cm in
diameter. Mice were assigned randomly into MR-HIFU hyperthermia treated and no
hyperthermia treatment (control) groups (n = 4 in each group). Doxorubicin was delivered in
the form of the temperature sensitive liposomal doxorubicin (LTSL-Dox) or nonliposomal
doxorubicin (Dox). A doxorubicin dose of 15 mg/kg was used to facilitate the detection
(visualisation of Dox uptake in addition to providing a higher signal for the HPLC
quantification) after treatment.

Experimental procedures

The study animal was anaesthetised and the abdomen and back was shaved, depilated and
washed before being placed in a custom made animal holder (Figure 1). Degassed ultra-
sound gel was placed around and on top of the animal and an acoustic absorber was placed
on the back of the animal to control the exit of the ultrasound beam. The animal was
instrumented to monitor core body temperature and respiration (SAII Instruments, Stony
Brook, NY).

Once the animal was placed within the MRI coil, a survey scan was performed followed by a
susceptibility sensitive scan (T1-weighted 3D steady-state gradient-echo; TR/TE: 15/12 ms;
FA: 10°; FOV: 150 x 150 x 40 mm3; voxel size: 1.1 x 1.1 x 2.0 mm3; slices: 20; acquisition
time: 2 min) to check for the presence of air bubbles in the ultrasound beam path. HIFU
treatment was planned on a proton density-weighted image set acquired with a fast field
echo [orientation: coronal; TR/TE: 1791/13 ms; FA: 20°; FOV: 40 x 48 mm?; voxel size:
0.25 x 0.25 x 1.00 mm3; parallel imaging (SENSE) factor: 2 (in RL direction), saturation
bands: 2; slices: 20; acquisition time: 5 min].

An ellipsoidal (4 x 4 x 10 mm3) treatment volume (referred to as the “treatment cell”) was
placed inside the mouse tumour. A low-power test sonication (continuous wave ultra-sound,
frequency = 1.2 MHz, acoustic power 10 = W, duration = 20 s; corresponding to 180 W/
cm?) was performed prior to hyperthermia sonication to identify any miss-registration of the
planned treatment location. Once the treatment was planned and co-registered, animals were
slowly injected with 15 mg/kg LTSL-Dox or Dox via a tail vein catheter. Therapeutic
sonication (continuous wave ultrasound, acoustic power = 7 W) was started within 5 min
post-injection.

Temperature of the treatment site was monitored via continuous 2D fast field echo-echo
planar imaging pulse sequence [TR 50 ms, TE = 20 ms, flip angle 20°, voxel =0.9x 0.9 x
4.0 mm3, FOV = 100 x 100 mm?, EPI-factor = 7, parallel imaging (SENSE) factor = 2 (RL),
saturation bands = 3, dynamic scan time = 1.8s one tomographic slice perpendicular and
parallel to the beam axis, both centred on the target volume. Temperature maps were
calculated online using the MR phase images and the proton resonance frequency shift
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(PRFS) thermometry method, and displayed on the therapy control workstation [35]. The
temperature images were corrected for baseline drift by subtracting the drift calculated from
an unheated region in the ultrasound gel from the actual temperature data. A binary feedback
control algorithm was used to switch the transducer power on and off to keep the
temperature within a specific goal range (7pmin = 41 °C, Tmax = 42.5 °C) [36,37]. The target
temperature was based upon the release characteristics provided by Celsion Corporation.
The mean temperature during treatment was calculated automatically within the treatment
region of interest (ROI). All hyperthermia treatments were analysed post-treatment in
Matlab (MathWorks, Natick, MA). The mean temperature, highest 10th percentile (T10),
lowest 10th percentile (T90) and standard deviation (SD) in target region were analysed
from the coronal slice to assess temperature accuracy and uniformity [37]. Following each 5-
or 10-min interval of mild hyperthermia, the sonication was stopped to allow recalibration of
the temperature elevation measurements to readjust the baseline temperature in the software,
as well as to evaluate the condition of the animal. The body core temperature of the animal
range between 35 and 38 °C during hyperthermia. Sonication was continued for 2 or 5 more
minutes as needed (total hyperthermia time: 15 min). A total hyperthermia time of 15 min
was chosen as longer periods of hyperthermia can lead to a decrease in blood flow [38].
Following treatment, the mouse was removed from the system, at least 10 min of treatment,
the vasculature was flushed with saline, the mouse euthanized and the tumour was collected
for evaluation.

Liguid chromatography with tandem mass spectrometry

Tissue was taken through the entire thickness of the tumour to ensure that any
inhomogeneities within the tumour were equally sampled. Quantification of doxorubicin
was achieved by HPLC as described previously [39,40]. Briefly, samples were homogenised
in a mixture of 0.1% formic acid and acetonitrile. An internal standard (20 ng epirubicin)
was added. The samples were run on a liquid-chromatography-mass spectrometry system
(6410B triple quadrupole mass spectrometer coupled to a 1290 series UPLC system; Agilent
Technologies, Santa Clara, CA). An eight-point calibration curve was created by spiking
blank tumour with doxorubicin and then processing it in the same manner as the samples.
The relationship between the peak heights of the doxorubicin and epirubicin and their
respective concentrations was analysed by second-order polynomial regression. The
correlation coefficient was used to evaluate the linearity of the calibration curves and was
>0.995 in all experiments.

Fluorescent microscopy and histological evaluation

After removing a small sample for the quantification of doxorubicin, the rest of the tumour
was embedded in optimum cutting temperature medium. Serial, 5-um-thick sections were
cut (CM1950, Leica Biosystems Inc., Buffalo Grove, IL) to evaluate doxorubicin
distribution using fluorescence microscopy, for qualitative assessment of stromal tissue
using Masson’s trichrome staining and blood vessel visualisation by immunohistochemical
staining for CD31 (CD31, 1/100 dilution, BD Biosciences, San Jose, CA; Alexa Fluor 594
goat anti-rat secondary, 1/500, ThermoFisher Scientific, Waltham, MA). All sections were
examined using a Nikon H550 L light microscope (Nikon, Melville, NY). Doxorubicin
uptake was visualised using a custom filter set (480/40 nm Ex; 605/50 nm Em; dichroic, 505
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Ip), and blood vessels were visualised with a Texas Red filter set. All images were acquired
with the same exposure times.

Following data reduction, tissue drug concentration values are reported as the median drug
concentration per weight of tissue. Within each injection dosage group, the doxorubicin
concentrations were compared between groups of animals using the Mann—Whitney U'test.

MR-guided hyperthermia

The mild hyperthermia heating algorithm administered by the MR-HIFU resulted in a
narrow target temperature range with a mean temperature of 41.2 + 1.3 °C(T10 = 41.3-

43.1 °C, T90 = 39.0-39.7 °C), which was homogeneous within the ROI(Figure 2(A,B)). The
target temperature was achieved within 9.6 + 7.8 s (mean = SD, Figure 2(C)). The mean
temperature for animals treated with DOX (41.09 + 1.4 °C) was not significantly different
than animals treated with TSL-DOX (41.27 £ 1.75 °C). In a post-treatment analysis
comparing an unheated region of gel and mouse, no significant difference was found in the
mean temperatures due to movement.

Drug concentration

The median doxorubicin concentrations achieved within the tumour are presented in Table 1.
Hyperthermia resulted in a 23-fold increase in the median doxorubicin concentration in the
tumours (Figure 3) when delivered in the form of LTSL-Dox compared to animals with no
hyperthermia applied (U = 0, p < 0.05, r = 0.82). When the doxorubicin was delivered in the
non-liposomal form (Dox), hyperthermia resulted in a 2-fold increase over drug alone (U =
1, p<0.05, r =0.71). Both of these increases were statistically significant. Despite the
limited size of the study, the effect size was large for both comparisons. The delivery of
doxorubicin in the LTSL form resulted in a 2-fold increase in tumour doxorubicin
concentration when combined with hyperthermia treatment compared with non-LTSL
doxorubicin (U = 8, p = 0.5, r = 0). However, this increase was not significantly different.
Comparing the administration of LTSL-Dox with hyperthermia to Dox alone, there was a 4-
fold increase in Dox concentration delivered to the tumour (U =4, p = 0.12, r = 0.41).
Although this increase was not significant, the effect size was small for this comparison.
Without hyperthermia, there was an almost 5-fold greater concentration of doxorubicin
when it was administered as non-liposomal doxorubicin which was statistically significant
(U=2,p<0.05r=0.61).

Fluorescence microscopy

The quantitative HPLC data were supported by qualitative evaluations. Representative
fluorescence images of KPC pancreata from the groups that were administered 15 mg
Dox/kg in the form of LTSL-Dox with and without the application of MR-HIFU were
compared with sequential sections stained with Masson’s trichrome to correlate drug uptake
with the structure of the tumours (Figure 4). The characteristically robust desmoplastic
response was observed in KPC pancreata even in tumour-adjacent regions with pre-invasive
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disease only. None of the tumours showed damage caused by the application of HIFU-
mediated hyperthermia. Specifically, the sections were evaluated for structural disruption
and coagulative necrosis. In the mice administered LTSL-Dox or Dox without hyperthermia,
there was no evidence of doxorubicin nuclear uptake in any region of the tumour. Dox
uptake was observed within the tumour cells as well as the cells within the desmoplastic
stroma with the application of hyperthermia with either LTSL-Dox or Dox. In some
tumours, there appeared to be preferential drug uptake in the periphery of the tumour
compared with the centre of the tumour; however, this was more pronounced with the
administration of Dox + MR-HIFU (Figure 4).

Discussion

The efficacy of using hyperthermia induced by HIFU to enhance the delivery of doxorubicin
in combination with a low-temperature liposome was evaluated in a clinically relevant model
of PDA. The KPC mouse model closely recapitulates the characteristic of PDA which are
responsible for ineffectiveness of traditional chemotherapeutics.

The use of a clinical MR-HIFU system enabled accurate tissue delineation in the planning
phase, monitoring and control of mild hyperthermia within a narrow temperature range (41.2
+ 1.3 °C), and subsequent delivery to a target area <1 cm in diameter. Maintaining the
temperature below 43 °C may be critical, as vascular shut-down can occur at higher
temperatures, eliminating some of the benefit of the hyper-thermia treatment [41]. For the
LTSL-Dox to have maximal effect, the liposomal drug must first reach the target tissue via
the vascular system and then release its payload within the heated tissue, resulting in high
local concentrations of the drug that can then penetrate into the tissue due to high
concentration gradients.

The results from this study demonstrated that systemic administration of a LTSL loaded with
doxorubicin followed by targeted hyperthermia induced by focussed ultrasound and
monitored using MR-thermometry significantly increased the median doxorubicin
accumulation within the targeted tumour tissue by 2-fold compared to systemic
administration of the same dose of doxorubicin in a non-encapsulated form. The observed
increase in drug accumulation was supported by fluorescence microscopy, which
demonstrated nuclear uptake of doxorubicin in the heated tumours and widespread
accumulation.

Two mechanisms can be responsible for increasing drug accumulation: hyperthermia-
induced vascular changes and localised drug release. Mild hyperthermia (40-43 °C) has
been shown to increase tumour blood flow [42—44] and increase tumour vascular
permeability [45]. It is likely that the increase in drug concentration when combining
hyperthermia with the LTSL drug results from both the hyperthermia-induced changes in
tumour vascular characteristics (permeability and blood flow) and the localised high
concentration of the bio-available drug being released within the vasculature [46]. When
mild hyperthermia was used in combination with Dox, there was an increase in the median
doxorubicin accumulation within the tumour tissue, but the increase (up to 2-fold) was not
as large as that observed with the LTSL-Dox (up to 23-fold). The use of hyperthermia to
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increase blood flow and vessel permeability would enable a greater amount of the small
molecule doxorubicin to enter the tumour tissue and extravasate from the vessels to reach the
tumour cells.

In this study, continuous wave HIFU was successful in delivering mild hyperthermia to a
small localised area to enhance drug delivery. However, other HIFU induced bioeffects such
as cavitation can also be taken advantage of to further enhance drug penetration. In a
previous study, pulsed HIFU has been used to mechanically disrupt stroma resulting in an
increase in permeability of stroma in pancreas tumours and a subsequent increase in drug
penetration (up to 4.5-fold increase) [40]. It is therefore possible that drug penetration could
be even further enhanced by a combination of HIFU induced mild hyperthermia and
mechanical disruption.

In this study, the animal was sacrificed almost immediately after hyperthermia. It is likely
that there will be differences in drug uptake depending on the time of sacrifice after
injection, with the longer times potentially yielding a larger amount of Dox uptake [47]. This
is 80-100% release of drug in 20-40 s at 41.3 °C [48] and the one pass circulation time of a
mouse is approximately 15 s [49]. Therefore, it is likely that the amount of Dox in the heated
tumour would be greater if the mice were allowed to survive for some hours after treatment.
Although these studies did not capture the total possible Dox delivered, the short time point
after treatment was sufficient for Dox release and nuclear uptake for the Thermodox case,
while enabling a measureable differentiation between the non-heated and heated mice given
free Dox. The prolonged effects of the hyperthermia treatment will be further evaluated in
survival animals.

One limitation of this study is the small number of animals in each group. However, despite
the small sample size, the effect size calculated for the increases that were found to be
significant, suggesting that the effect was real (effect size >0.5). Another limitation is the
amount of tissue that was heated and the potential for motion artefact. Given that this study
was performed on a clinical system designed for human treatment, it is possible that more
than just the tumour tissue was heated and that movement due to breathing would affect the
temperature monitoring. However, this additional tissue heating was minimised by
monitoring an image slice placed within the post-focal region to ensure that this tissue did
not reach temperatures that would result in activation of the LTSL-Dox. In addition, this
heating would not be an issue when treating patients as the application of hyperthermia to
normal tissue should be acceptable and the treatment to ensure a good margin of treatment is
indeed desired. By positioning the lungs in different plane than the tumour using
acoustically transparent gel pads under the thoracic region of the mouse, artefacts due to
respiratory motion was minimised as indicated by post-treatment analysis. We anticipate that
this will not be an issue in the clinic where there are established protocols for the
management of respiratory motion. Another limitation is that a high doxorubicin dose (15
mg/kg) was used in this study to enable visualisation of the doxorubicin uptake. In future
studies, a lower dose will be administered to evaluate survival benefit and the effects on
tumour growth. Finally, although gemcitabine is the current standard-of-care for pancreatic
cancer, there is currently no clinically approved thermosensitive liposomal form of the drug.
The clinical use of doxorubicin may have been impeded by poor biodistribution and
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subsequent dose-limiting toxicity [50]. As such doxorubicin is not currently used for the
treatment of pancreatic cancer. However, there are numerous studies evaluating novel
delivery methods of doxorubicin to improve local accumulation without systemic toxicity
which could lead to the use of doxorubicin for pancreas cancer in the future [51-53].

This study shows that HIFU-induced mild hyperthermia in combination with a low-
temperature-sensitive liposomal doxorubicin can be effective in substantially enhancing the
penetration of doxorubicin into pancreatic tumours in the KPC mouse model. Building on
these promising results, subsequent studies will focus on the effectiveness of the treatment
on survival rates and tumour growth in addition to combining the different therapeutic
effects of HIFU (heat and cavitation).

Conclusion

In this study, we demonstrated that hyperthermia induced by HIFU could be successfully
applied, controlled and monitored using a clinical MR-HIFU system to increase the targeted
release of a drug encapsulated in a low-temperature thermo-sensitive liposome in tumours of
a realistic mouse model of pancreatic ductal adenocarcinoma. This, in turn, resulted in a
significant increase in the bioavailable drug concentration (up to 23-fold between LSTSL-
Dox with heat compared to LTSL-Dox alone) and a subsequent increase in intratumoural
penetration. In addition, the application of mild hyperthermia alone appears to increase
delivery of free doxorubicin (2-fold increase) but not to the same extent as the encapsulated
drug.
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Figure 1.

In vivo experimental setup. Mice were placed on the positioning tray within the MR receive
coil. Acoustic coupling was achieved by using distilled degassed water and degassed
ultrasound gel. An acoustic absorber, coupled with ultrasound gel, was placed on the
animal’s back to control the exit beam and minimise movement. Respiration was monitored
by an MR-compatible small animal monitoring system.
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Figure 2.
Planning and temperature mapping for image-guided hyperthermia. The KPC tumour was

identified on the planning images in the tail of the pancreas (A). The ROI was placed in the
centre of the tumour. A dashed line to outline the tumour has been added to show the reader
the tumour border. Real-time MRI-based temperature monitoring using the PRFS method
shown in colour overlaid on the planning image (B). Representative mean temperature in the
target region during a sonication (C). Stable mild hyperthermia was achieved in the target
region through binary feedback control of temperature. An algorithm was utilised to keep
the temperature in the range of 41-42.5 °C (horizontal lines) within the ROI (4 mm
diameter). Orange vertical lines represent the start and end of the sonication.
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Figure 3.
Box-and-Whisker plot of doxorubicin (Dox) concentration in the tumours of KPC mice

treated with 15 mg Dox/kg low-temperature-sensitive liposomal doxorubicin (LTSL-Dox)
and non-liposomal doxorubicin (Dox), with and without the application of MR-HIFU.
*Denotes significance at the p < 0.05 level.
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Figure 4.
Representative images of serial sections stained with Masson’s trichrome (i) and fluorescent

imaging (ii). Images demonstrate the distribution of doxorubicin and blood vessels within
pancreatic tumours treated with LTSL-Dox + MR-HIFU (A); LTSL alone (B); DOX + MR-
HIFU (C) OR Dox alone (D).
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Table 1.

Median doxorubicin concentration [interquartile range] measured in pancreatic tumours following different
treatment regimens (n = 4 in each group).

Treatment Median doxorubicin concentration [interquartile range] (ug/g)
LTSL-Dox 0.31 [0.07-0.58]
LTSL-Dox + MR-HIFU 9.00 [2.48-15.73]
Dox 2.27 [1.35-2.89]
Dox + MR-HIFU 4.44[3.22-6.37]
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