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Abstract
Purpose—The prognosis for locally advanced breast cancer (LABC) patients continues to be
poor, with an estimated five-year survival of only 50–60%. Preclinical data demonstrates
enhanced therapeutic efficacy with liposomal encapsulation of doxorubicin combined with
hyperthermia (HT). Therefore this phase I/II study was designed to evaluate the safety and
efficacy of a novel neoadjuvant combination treatment of paclitaxel, liposomal doxorubicin, and
hyperthermia.

Materials and methods—Eligible patients received four cycles of neoadjuvant liposomal
doxorubicin (30–75 mg/m2), paclitaxel (100–175 mg/m2), and hyperthermia. They subsequently
underwent either a modified radical mastectomy or lumpectomy with axillary node dissection
followed by radiation therapy and then eight cycles of CMF (cyclophosphamide, methotrexate, 5-
fluorouracil) chemotherapy.

Results—Forty-seven patients with stage IIB-III LABC were enrolled and 43 patients were
evaluable. Fourteen patients (33%) had inflammatory breast cancer. Combined (partial +
complete) clinical response rate was 72% and combined pathological response rate was 60%. Four
patients achieved a pathologically complete response. Sixteen patients were eligible for breast-
conserving surgery. The cumulative equivalent minutes (CEM 43) at T90 (tenth percentile of
temperature distribution) was significantly greater for those with a pathological response. Four-
year disease-free survival was 63% (95% CI, 46%–76%) and the four-year overall survival was
75% (95% CI, 58–86%).

Conclusions—Neoadjuvant therapy using paclitaxel, liposomal doxorubicin and hyperthermia
is a feasible and well tolerated treatment strategy in patients with LABC. The thermal dose
parameter CEM 43 T90 was significantly correlated with attaining a pathological response.
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Introduction
Locally advanced breast cancer accounts for approximately 5–10% of breast cancers
diagnosed in the USA. Unlike early breast cancer, which has a five-year overall survival of
about 80–90%, locally advanced breast cancer carries a relatively poor prognosis with a
five-year overall survival of about 55% [1–3]. Inflammatory breast cancer (IBC) carries a
worse prognosis, with median overall survival from time of diagnosis of 2.5 years [4] and a
five-year survival rate of 15% [5]. In the early 1980s, pre-operative (neoadjuvant)
chemotherapy was introduced in an attempt to improve outcomes in this subgroup of
patients. The proposed advantages of pre-operative therapy over conventional (post-
operative) therapy include down-staging of the tumour (allowing a more conservative
surgical procedure or even changing an inoperable tumour to one that could be resected)
assessment of tumour response to the chemotherapeutic agents used, and early introduction
of systemic therapy, given the high risk of occult micro-metastatic disease.

However, many questions remain about the optimal pre-operative treatment regimen. With
the development of newer agents and the advent of targeted therapies, the optimal strategy
for treatment of LABC remains to be elucidated. Hyperthermia has a number of tumour
effects with therapeutic potential when combined with chemotherapy. When tumours are
heated to temperatures greater than 41°C there is increased blood flow, increased drug
delivery and direct tumour cell toxicity [6]. The rationale behind using a combination of
liposomes and hyperthermia to improve drug delivery to tumours is several-fold.
Hyperthermia has been shown to increase extravasation of liposomes out of the tumour
microvasculature and to increase overall drug accumulation in tumours [7–10]. In addition,
pre-clinical data has indicated that several cancer chemotherapeutic agents (including
doxorubicin) in combination with hyperthermia have supra-additive cytotoxic effects [11–
13]. The therapeutic benefits from liposomes and hyperthermia individually, coupled with
the potential advantages seen by their combination, make the use of the two modalities
together an attractive method for drug delivery to tumours.

Thus, we undertook a phase I/II study to evaluate the safety/tolerability and determine the
response of a novel combination treatment of paclitaxel, liposomal doxorubicin (Evacet™),
and local hyperthermia in patients with locally advanced breast cancer in the pre-operative
setting.

Materials and methods
Study design

This was a pilot phase I/II, open-label study of liposomal doxorubicin (Evacet™) and
paclitaxel in combination with local breast hyperthermia for the neoadjuvant treatment of
locally advanced breast cancer. Protocol-eligible patients were treated with the combination
of Evacet™, paclitaxel and hyperthermia every three weeks for four cycles. After the
neoadjuvant therapy, patients received appropriate surgical removal (as reassessed after
neoadjuvant treatment) of their primary breast tumour as well as axillary lymph node
dissection. Immediately after surgery, patients underwent radiation therapy followed by
eight cycles of standard dose CMF therapy. If eligible (ER+ and/or PR+), patients received
tamoxifen therapy for a total of five years (Table I).
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Eligibility criteria
Patients with histologically confirmed adenocarcinoma of the breast with clinically
estimated primary tumour size >2 cm and with clinical stage IIB (T2N1M0, T3N0M0),
IIIA(T0N2M0, T1N2M0, T2N2M0, T3N1M0, T3N2M0), or IIIB (T4Any NM0) were
included. Patients were required to be ≥18 years old with ECOG performance status of 0–1
and could not have had prior chemotherapy or radiotherapy. They were also required to have
good cardiac function as documented by a left ventricular ejection fraction of >50% by
MUGA or gated SPECT perfusion imaging. Patients were excluded if they had multifocal
primary tumours, distant metastatic disease, or prior or concomitant malignancy. Patients
with serious medical illness including, but not limited to, congestive heart failure,
myocardial infarction or cerebral vascular accident within the last six months, life
threatening cardiac arrhythmias, acute or chronic liver disease, or major surgery within the
past three months were also excluded. Informed consent was obtained for all administered
treatments as approved by the Institutional Review Board at Duke University.

Outcome assessment
The objectives of the study were to describe the safety and tolerability and examine the
response rates of concurrent paclitaxel (Taxol), liposomal doxorubicin, and hyperthermia
treatment of locally advanced breast cancer. The primary endpoint of this study was
pathological response rate. Secondary endpoints included (1) the rate of breast conservation
therapy (BCT) following neoadjuvant therapy, (2) clinical response rate, (3) correlative
tumour physiology studies (extracellular pH, pO2, perfusion/vascularity (MRI-RPI), and
tumour intracellular pH (MRS) and (4) disease-free and overall survival.

Clinical response to therapy was defined by physical exam and/or radiological studies.
Complete, partial, and no clinical responses were defined as no evidence of tumour,
reduction of tumour size by ≥50%, and no change in tumour size, respectively. Pathological
response to therapy was defined by pathological evaluation of the surgical specimen.
Complete, partial, and no pathological responses were defined as no evidence of invasive
carcinoma, reduction in tumour size by ≥50% of the initial size estimate based on
radiological studies, and no reduction in tumour size from initial size estimates based on
radiological studies, respectively.

Neoadjuvant chemotherapy
The dose limiting toxicities for Evacet and paclitaxel as single agent therapies have been
reported previously [14,15]. For paclitaxel as a single agent, the maximally tolerated dose is
210 mg/m2 without growth factor support when given as a three-hour infusion. The main
dose-limiting toxicity is prolonged neutropenia. For Evacet as a single agent, the maximum
reported tolerated dose in previously treated patients is 150 mg/m2, and the dose-limiting
toxicity is myelosuppression. Based on the single agent data and expected increase in
toxicity when the agents are combined, doses of paclitaxel and Evacet were alternately
increased until the maximum tolerated dose was reached at concentrations of 100–175 mg/
m2 and 30–75 mg/m2, respectively. Criteria for dose limiting toxicity and dose modification
were defined prior to the initiation of the study.

All patients were pre-medicated with dexamethasone, diphenhydramine, cimetidine, and
ondansetron. Paclitaxel (100–175 mg/m2) and liposomal doxorubicin (Evacet) were given
every 21 days for four cycles. After the maximum tolerated dose (MTD) for the combination
of paclitaxel and liposomal doxorubicin was determined in the phase I portion of the trial,
predetermined dose adjustments were only made for haematological toxicities.
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Hyperthermia
Hyperthermia was started within one hour of completing the Evacet infusion. The overall
hyperthermia dose goal was to reach 41–41.5°C in greater than 90% of measured points for
60 min duration. Patients are heated prone in the Duke Breast Applicator System (DBAS),
with the involved breast hanging in a water-filled cup that provides electromagnetic
coupling and surface temperature control. The four channels of DBAS can be independently
adjusted for phase and amplitude during the treatment to achieve desired steering and to
optimise patient comfort. Operating frequencies range between 140MHz and 156 MHz,
depending on the cup used and the breast size, with power levels from 60 to 200 W. Due to
the variation in the breast volume (from 200 cc to 700 cc), different cup sizes were used.
Although minimum sampled temperatures give a crude indication of the temperature
distribution, the CEM43T90, CEM43T50, the T90 and T50 were determined for each of the
HT fractions from tumour points temperatures [16]. Thermometry was performed following
RTOG guidelines; however, the majority of patients had one catheter placed interstitially to
map temperature every 0.5 cm [17]. Patients were premedicated with lorazepam and/or
narcotic pain medication, and local anaesthesia with Lidocaine HCl (1% solution buffered
with 0.1 mEq sodium bicarbonate/mL lidocaine) was used for the placement of sterile,
blind-ended interstitial thermometry catheters. CT scan was used to verify the appropriate
placement of the catheters. To monitor normal tissue and surface temperatures, skin surface
probes were placed on the adjacent skin and on any scars near the hyperthermia field. The
maximum allowable temperatures in adjacent normal tissues and tumour were 43°C and
48°C, respectively. During treatment, applied power was adjusted as needed to reach the
targeted temperatures while maintaining patient comfort.

Thermal dose calculation
The formulation for thermal dose used in this study has been used extensively and has been
previously described [18–23]. Briefly, using the Arrhenius relationship, all time–
temperature data are converted to an equivalent number of minutes at 43°C, where CEM
43°C is cumulative equivalent minutes at 43°C (the temperature most commonly used for
normalisation), t is time of treatment, T is average temperature during intervals of heating,
and R is a constant derived from in vitro studies [18]. When the temperature is higher than
43°C, r = 0.5, and when the temperature is lower than 43°C, r = 0.25. The sum of CEM
43°C at temperatures exceeding the temperatures at 90% and 50% of the measured locations
over the entire treatment duration were calculated. The ranges for the average over four
treatments of these thermal metrics are from 1.5 to 159.3 (average of 11.5 min) for
CEM43T90 and from 37.7 to 41.8 (average of 39.7°C) for T90.

Surgery
After the completion of neoadjuvant treatment, patients were reassessed by physical exam
and radiological evaluation for the appropriate surgical intervention. The final surgical
therapy (mastectomy or breast conservation therapy) was selected by the patient in
conjunction with the recommendations of the surgeon.

Post-operative radiation therapy
All patients received post-surgical radiation therapy immediately following recovery.
Patients were simulated in the treatment position in a customised foam mould. A computed
tomography (CT) scan taken in the treatment position was used to determine the appropriate
fields. Tangential fields comprehensively encompassed all breast tissue or the chest wall.
Internal mammary lymph nodes (IMN) were included as part of the tangential fields or as a
separate, matched field. The supraclavicular nodes were also treated using a separate field.
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The axillary nodes were generally not included in the supraclavicular field given that the
patient underwent axillary dissection at the time of surgery.

For patients who underwent mastectomy, radiation was given at 2Gy per day to a total of 50
Gy to the chest wall and internal mammary nodes with a scar boost of 10 Gy. If the patient
underwent breast conserving surgery, radiation was given to a total dose of 46 Gy to the
whole breast and internal mammary nodes with a tumour bed boost of 16 Gy, with the same
dose fractionation scheme. The supraclavicular nodes received 46 Gy.

Adjuvant chemotherapy
If residual invasive disease was detected in the surgical specimen, the patient also received
standard dose CMF chemotherapy every 21 days for a total of eight cycles. Chemotherapy
began four weeks after the completion of radiation treatment. The doses of
cyclophosphamide, methotrexate, and fluorouracil were 600 mg/m2, 40 mg/m2, and 600 mg/
m2, respectively. Patients with a complete pathological response did not receive any
subsequent chemotherapy. Patients with oestrogen receptor and/or progesterone receptor
positive breast tumours received tamoxifen for a total of five years or until disease
recurrence.

Statistical analysis
The purpose of this phase I/II study is to find a safe and tolerable dose of Evacet combined
with paclitaxel and hyperthermia, and once defined, to examine the response rates of the
treatment in LABC. The primary endpoints are response rate (CR + PR). Secondary
endpoints include overall survival, disease-free survival and treatment-related toxicities.
Point estimates for response rates, overall survival, disease-free and the related 95% CIs are
reported. T-tests are used to compare the mean of two groups for hyperthermia parameters.
Fisher’s exact tests are used to compare the two groups for binary endpoints. Log-rank tests
were used to compare the two groups for time-to-event endpoints. Kaplan-Meier time-to-
event curves are presented.

Results
Between 2001 and 2003, a total of 47 patients were enrolled onto this study (21 and 26
patients in phase I and II, respectively). Patient characteristics for the 43 evaluable patients
are listed in Table I. The median age was 49 years (range 27–75), and enrolled patients were
predominantly Caucasian (75%). Menopausal status was nearly equivalent in both phases of
the study (44% pre-menopausal, 56% post-menopausal). At enrolment patients had a median
tumour size of 6 cm (range 3–12 cm; n = 38) on MRI or ultrasound (US), and 33 (77%) had
axillary lymph node involvement. Fourteen patients (33%) had inflammatory breast cancer
diagnosed clinically and confirmed pathologically. Of the patients, 86% were ER and/or PR
positive, and 26% were found to over-express HER2-neu. Including those with IBC, 40% of
patients were considered inoperable, and only five (12%) patients were deemed eligible for
BCT prior to initiating neoadjuvant therapy. The baseline median cardiac LVEF was 58%
(range: 50–80%).

In phase I, the MTD was determined to be 175 mg/m2 for paclitaxel and 75 mg/m2 for
Evacet. While 44 of 47 patients (94%) received all four cycles in either the phase I or phase
II component, only 43 of the 44 also completed the entire course of hyperthermia and thus
were evaluable for response. Upon completing neoadjuvant chemotherapy/hyperthermia, the
median tumour size on MRI or US was 3 cm (range: 0–8 cm). Clinically, the combined
response rate was 72% (95% CI, 58.6% to 85.4%; CR 28%; PR 44%). The median cardiac
LVEF of 59% (range: 38–75%) was essentially unchanged after chemotherapy.
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The most commonly reported toxicities during neoadjuvant treatment are listed in Table II.
Common toxicities included grade 2 alopecia (93% of patients), grade 4 neutropenia (66%),
grade 1 fatigue (68%), grade 1 nausea (51%), and grade 1 sensory neuropathy (46%). Other
reported adverse effects were grade 1 constipation (34%), grade 2 stomatitis (32%), and
grade 2 arthralgia (29%). Side effects specifically related to hyperthermia were relatively
uncommon, with only four (9%) patients experiencing a thermal burn (skin blisters and fat
necrosis) one patient of whom developed a third degree burn.

Nineteen of 44 patients were deemed inoperable at the initial assessment. Fourteen of these
patients had inflammatory disease. Only five patients were candidates for breast conserving
surgery. Eight patients elected to have BCS although 16 were eligible after reassessment
following neoadjuvant treatment. At surgery, 32 patients (73%) were found to have axillary
lymph node involvement. Using standard pathological procedures, the breast specimens
were examined for residual tumour. A complete pathological response was seen in four
patients (9%, 95% CI, 0.6%–18%). The combined pathological response was 60% (95% CI,
45.4%–74.6%, CR 9% and PR 51%).

No patients progressed during neoadjuvant therapy. At the time of this report, a total of 16
patients had relapsed (48%). Four patients relapsed after surgery but prior to or during
radiation therapy. Patterns of recurrence are detailed in Table IV. Ten patients (23%) died
due to disease progression. With a median follow-up period of 54.8 months, four-year
disease-free survival was 63% (95% CI, 46%–76%) and the four-year overall survival was
75% (95% CI, 58%–86%). The median survival time was not reached. The Kaplan-Meier
time-to-event curves are presented in Figures 1 and 2.

The results from the assessment of tumour pH and oxygenation, gene expression profile for
response to treatment, MRI, MRS, and RPI imaging are reported elsewhere [24–26]. The
mean T90 and T50 values for those patients achieving clinical response were 39.6°C and
40.9°C, respectively. The mean T90 and T50 values for patients with a pathological
response were 39.8°C and 41.1°C, respectively (Table III). For clinical non-responders, the
values were 39.7°C and 41.1°C, compared with 39.4°C and 40.7°C for pathological non-
responders, respectively. There were no statistical differences in the CEM 43 T5 or CEM 43
T90 between the clinical responders and clinical non-responders. However, there was a
trend towards greater CEM 43°C T50 between pathological responders and non-responders
(mean 103.7 versus 50.8, t-test p = 0.079). The CEM 43 T90 was significantly greater for
those with a pathological response (mean 28.6 min versus 10.3 min, t-test p = 0.038). Only
stage statistically impacted overall survival (log-rank p = 0.01).

Discussion
Despite increased awareness and screening and improvements in the early diagnosis of
breast cancer, many patients still present with locally advanced disease. These patients,
particularly those with inflammatory disease, continue to have a poor prognosis. Thus, a
multidisciplinary, neoadjuvant approach has been employed to improve outcomes.

There are multiple neoadjuvant regimens suggested for use in this clinical setting: (1) early
exposure of micro-metastatic, occult disease to chemotherapy, (2) using an in vivo indicator
of response, and (3) down-staging advanced disease from inoperable to operable or from
required mastectomy to breast conservation therapy. Extrapolated from promising adjuvant
chemotherapy trials, anthracycline-based chemotherapy has been applied in the neoadjuvant
setting. Although multiple studies [27,28] showed no difference in overall survival or
disease-free survival between adjuvant and neoadjuvant chemotherapy, these studies
demonstrated that patients who received neoadjuvant chemotherapy have better local control
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rates and are more likely to conserve their breasts. Furthermore, those who achieved
complete pathological responses appeared to have improved overall survival.

The rate of pathological complete responses (pCR) in patients with T1–3 breast cancers with
anthracycline-based chemotherapy is only about 13% (range 4–29%) [28]. Thus, taxanes
have been added to neoadjuvant regimens to achieve better responses. At least seven trials
have demonstrated improved pCR, but no differences in overall survival have been reported.
The pCR in taxane-based chemotherapy is about 26% (range 11–31%) (NSABP B-27) in
patients with T1–3 breast cancers. In more advanced breast cancers (i.e. T4) the response
rates are likely to be even lower.

Currently, there is no consensus regarding the optimal neoadjuvant regimen for LABC.
Additional trials are needed to determine the optimal regimen and agents to improve the
pCR rates of neoadjuvant therapies. To this end, we undertook a phase I/II study to
investigate the safety and efficacy of a novel neoadjuvant combination of paclitaxel,
liposomal doxorubicin, and hyperthermia in locally advanced breast cancers. Paclitaxel has
been shown to have activity in the metastatic, adjuvant, and neoadjuvant settings when
added to standard doxorubicin-containing chemotherapy in node-positive breast cancer
(NSABP B-28; SWOG-S9623; CALGB 9741). However, doxorubicin is often associated
with significant side effects, (particularly cardiotoxicity). Liposomal encapsulation of a
chemotherapeutic agent (in this instance, doxorubicin) can increase the therapeutic ratio of
these agents. Liposomes are able to circulate longer than free drug and have a greater
likelihood of escaping through relatively large endothelial gaps found in tumour
microvessels [29,30]. Liposomal doxorubicin (LD) has been used for the treatment of
metastatic breast cancer, metastatic ovarian cancer and AIDS-related Kaposi’s sarcoma [31–
33]. Furthermore, these studies have shown that LD conveys significantly less cardiotoxicity
and gastrointestinal toxicity [34,35].

Hyperthermia can further increase the therapeutic ratio by enhancing the permeability of
tumour blood vessels to liposomes. In pre-clinical studies it has been demonstrated that the
rate of liposomal extravasation is enhanced 4–8 fold for temperatures in the target range of
this trial [10]. In cats with soft tissue sarcomas, hyperthermia enhanced radiolabelled
liposomal uptake by 4–16-fold compared to normothermia [36]. Hyperthermia also increases
oxygen levels within the tumour, which is critical to the effectiveness of radiation and
chemotherapy [37–40].

Our study demonstrates for the first time the efficacy and safety of a liposomal
chemotherapy agent in combination with hyperthermia in LABC. Although the pCR
response rate was only 9%, the combined pathological response rate was 61%. These results
are encouraging, particularly given that our patient population had mostly T3 or T4 tumours,
with 32% of the enrolled patients having inflammatory cancer (T4d). The reported 26% pCR
rates with taxane-based chemotherapy in past studies were in more favourable patients with
T1–3 tumours. Furthermore, despite the more advanced disease in our study population, the
five-year DFS rate was similar to the 89% reported for stage II breast cancer [41].

Previous studies have shown that the presence of a complete pathological response after
neoadjuvant chemotherapy improves the likelihood of local benefit and may impact overall
prognosis [42]. Our study showed for the first time that optimally delivered hyperthermia is
a feasible and tolerable treatment modality when combined with liposomal doxorubicin and
paclitaxel. The mean CEM 43 T90 in responders to the neoadjuvant treatment was
significantly higher than non-responders, 28.6 and 10.3 respectively (t-test p = 0.038). The
importance of CEM 43 T90 as a measurement of hyperthermia ‘dose’ has been previously
shown only in combination with radiotherapy. Jones et al. have previously demonstrated that
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significantly increased local control can be achieved in superficial tumours if at least 10
CEM 43 T90 was achieved in combination with radiotherapy [23]. Similarly, our studies
showed that improved pathological responses were achieved with higher CEM 43 T90.

Conclusions
Our study shows for the first time that neoadjuvant therapy with paclitaxel, liposomal
doxorubicin and hyperthermia is a feasible and well tolerated treatment strategy in patients
with LABC, including inflammatory cancer. The pathological response rates were
significantly associated with achieving a sufficient thermal dose as measured by CEM 43
T90. In turn, as other studies have shown, pathological response rates were important in
having a favourable overall outcome.
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Figure 1.
Kaplan-Meier curve for overall survival.
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Figure 2.
Kaplan-Meier curve for disease-free survival.
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Table I

Pathological response by patient characteristics.

CR or PR No response

No. of patients N = 26 N = 17

Tumour size (median) (cm) 6 6

Stage

    IIA(T2N1M0, T3N0M0) 8 (31%) 5 (29%)

    IIIA(T0N2M0, T1N2M0, T2N2M0, T3N1M0, T3N2M0) 9 (35%) 6 (35%)

IIIB (T4Any NM0) 9 (35%) 6 (35%)

Inflammatory 9 (35%) 5 (29%)

ER+ and/or PR+ 21 (81%) 16 (94%)

Her2/neu+ 6 (23%) 5 (29%)
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Table II

Acute adverse events.

Grade 2 Grade 3 Grade 4

Total patients (n = 41)

Maximum grade per patient for expected events 3 (7%) 9 (22%) 28 (68%)

Leucopenia 11 (27%) 23 (56%) 3 (7%)

Neutropenia 2 (5%) 9 (22%) 27 (66%)

Platelets 2 (5%) 1 (2%) 1 (1%)

Nausea 4 (10%) 1 (2%) 0

Vomiting 5 (12%) 2 (5%) 1 (2%)

Myalgia 4 (10%) 0 0

Neuropathy 3 (7%) 0 0

Fatigue 8 (20%) 0 0

Stomatitis/pharyngitis 13 (32%) 2 (5%) 0
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Table III

Pathological response by thermal parameters.

CR or PR
N = 26

NR
N = 26 p

Mean T50 (°C) 41.1 40.7 0.15

Mean T90 (°C) 39.8 39.4 0.15

Mean CEM 43 T50 (min) 103.7 50.8 0.0079

Mean CEM 43 T90 (min) 28.6 10.3 0.038
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Table IV

Patterns of recurrence.

Locoregional Distant Unknown Both

First relapse 1 14 1 –

Any relapse 1   9 1 5
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