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AIM
High dose melphalan (HDM) and autologous stem cell transplantation (ASCT) retains a central role in the treatment of myeloma.
The aim of this study was to determine whether HDM exposure (area under the concentration vs. time curve, AUC), is significantly
associated with transplant outcomes.

METHODS
Melphalan concentrations were measured in six to 11 plasma samples collected after HDM (median 192 mg m–2) to determine
melphalan AUC for a total of 114 patients. Binary logistic regression was used to assess whether melphalan AUC was associated
with severe (≥ grade 3) oral mucositis. Multivariate Cox regression was used to assess whether melphalan AUC was significantly
associated with time to progression, progression-free survival and overall survival (OS).

RESULTS
Melphalan AUC ranged from 4.9 to 24.6 mg l–1 h, median 12.84 mg l–1 h. Melphalan AUC above the median was a risk factor for
severe mucositis (HR 1.21, 95% CI 1.06, 1.38, P = 0.004) but was also associated with significantly improved overall survival (OS)
(HR 0.40, 95% CI 0.20, 0.81, P = 0.001), with an estimated median survival of 8.50 years vs. 5.38 years for high vs. low AUC
groups. Multivariate analysis did not identify melphalan AUC as being significantly associated with time to progression or
progression-free survival.

CONCLUSIONS
This large scale pharmacodynamic analysis of HDM demonstrates that high melphalan exposure is associated with improved
survival, with an acceptable increase in transplant toxicity. These results suggest studies targeting a higher AUC are warranted in
patients undergoing HDM and ASCT for myeloma.
© 2016 The British Pharmacological Society DOI:10.1111/bcp.12906
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT

• We have previously examined the population pharmacokinetics of high dose melphalan in 100 patients with multiple myeloma
who received a 200 mg m–2 dose (with adjustments for renal impairment or obesity) and we observed a 5-fold variation in
melphalan exposure (AUC), with values ranging from 4.9 to 24.4 mg l–1 h [1].

• Melphalan exposure was found to be significantly higher in patients who experienced severe (≥ grade 3) mucositis.

WHAT THIS STUDY ADDS
• Our data set now has prolonged follow up in 114 patients, so in this study we now examine the associations betweenmelphalan
exposure and the clinically important transplant-specific endpoints, such as time to progression, progression-free survival and
overall survival, as well as the incidence of grade 3 or higher mucositis.

• We found that high exposure (above the median) is significantly associated with longer overall survival.
• High exposure (above the median) is also significantly associated with an increase in severe mucositis.
Introduction
Melphalan is one of themost active chemotherapeutic agents
in the treatment of myeloma. It is recognized that dose corre-
lates with disease response, [2–4] and for 30 years the use of
high dose melphalan (HDM) and autologous stem cell trans-
plantation (ASCT) has been incorporated into consolidation
therapy for thousands of patients, with an overall median
survival (OS) benefit of more than 1 year [5]. Although
prolonged survival is achieved with the addition of newer im-
munomodulatory and proteasome inhibitory agents [6],
HDM and ASCT remain a recommended standard of care after
induction therapy in eligible patients [7–9]. A recent random-
ized trial confirmed the significant net clinical benefit of re-
sponse consolidation with HDM and ASCT after
lenalidomide and dexamethasone induction in patients with
newly diagnosed myeloma, with a significantly longer pro-
gression free survival (PFS) in patients undergoing transplant
(60% vs. 38% at 3 years) [10].

The standard melphalan dose in single agent HDM ther-
apy for myeloma is a body surface area (BSA) based dose of
200 mg m–2, used initially in Arkansas [11], and confirmed
by Moreau et al. [12] where improved OS was observed for pa-
tients receiving 200 mg m–2 compared with melphalan
140mgm–2 and total body irradiation. Subsequent trials have
used 200 mg m–2 as a standard [13–15] and comparison of
200 mg m–2 with 100 mg m–2 demonstrated better outcomes
with the higher dose in the tandem transplant setting [16].
However, escalated dosing to 220 mgm–2 was associated with
a higher incidence of grade 4 mucositis (>60%), delayed
platelet engraftment and cardiac arrhythmias [17]. The dose
of HDM was escalated with the addition of the cryoprotec-
tant, amifostine, to 280 mg m–2, but at this dose cardiac ar-
rhythmias were dose limiting [18].

With predominant renal clearance [19], 200mgm–2 results in
excessive non-haematological toxicity in patients with renal im-
pairment. A dose reduction to 140 mg m–2 (Mel-140) was found
tolerable in a small study of 21 patients with a creatinine
>177 μmol l–1 [20] and Mel-140 has since remained the recom-
mended dose for such patients. Dosing of patients aged
>65–70 years is unclear, with excessive toxicity reported with
200 mg m–2 [21, 22] but possibly inferior outcomes with
100 mg m–2 [23]. A weakness of the BSA-based dosing approach
is that it does not adequately reduce the inter-patient variation
in exposure. Consequently, some patients are over-dosed
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resulting in excessive toxicity while a significant proportion
may be under-dosed, compromising the efficacy of this therapy
associated with significant morbidity.

We previously examined the pharmacokinetics of HDM
in 100 patients treated with 200 mg m–2 (with dose adjust-
ments for renal impairment or obesity) and observed a 5-fold
variation in melphalan exposure (area under the concentra-
tion vs. time curve, AUC), with values ranging from 4.9 to
24.4 mg l–1 h [1]. Plasma clearance was significantly influ-
enced by creatinine clearance, fat free mass and haematocrit.
Pharmacodynamic analysis identified that patients with
higher exposure to melphalan had a higher incidence of ≥
grade 3 mucositis [1]. As our data set now has prolonged
follow-up in 114 patients, our study can now examine the as-
sociation between melphalan exposure and the clinically im-
portant transplant-specific endpoints, such as time to
progression, progression-free survival and overall survival.
Methods

Study design
This prospective, multicentre, observational study was regis-
tered with the Australian Clinical Trials Registry (Registration
number: ACTRN0126000231549) and approved by the Ethics
Committees of the six participating hospitals. The Ethics ap-
proval numbers were CH62/6/2004–016-J.Trotman (Concord
Hospital), X04-0105 (Royal Prince Alfred Hospital), 05/65
(Gosford Hospital), 05/06 Kwan (St George Hospital),
HREC2004/4/4.13(1831) (Westmead Hospital) and
HE05/075 (Wollongong Hospital). All hospitals were mem-
bers of the Autologous Working Party of the BMT Network
NSW. All participants provided written informed consent. El-
igible patients were those with symptomatic myeloma receiv-
ing HDM conditioning followed by an ASCT. All pre-
transplant, peri-transplant and post-transplant care was at
the direction of the local investigator, with no modification
to treatment as part of study participation.
Melphalan administration and
pharmacokinetics
Patients received HDM according to the standard dosing rec-
ommendation of the BMT Network, using 200 mg m–2 for
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patients with normal renal function. The degree of any dose
modification for those with abnormal renal function and
obesity, (including the weight entered into the Du Bois for-
mula for body surface area (BSA) [24] for obese patients),
remained at the discretion of the treating physician. Sixty-
seven patients had no dose modifications, two patients had
higher doses of 212 and 216 mg m–2 as they were also en-
rolled in a melphalan dose escalation study, 30 patients had
a dose reduction due to abnormal renal function, whilst 12
had a dose reduction due to obesity.

Melphalan was administered immediately after preparation,
as a 15–30 min intravenous infusion followed by a 20 ml saline
flush. Administration was via a peripheral cannula (n = 92) or a
quarantined lumen of a multi-lumen central line (n = 23). For
the first 63 patients a 5ml blood samplewas collected at the com-
pletion of the melphalan infusion, then 5, 10, 20, 30, 40 and
50 min and 1, 2, 3, 4 and 8 h later. This initial data allowed the
identification of optimal sampling windows by D-optimality as
previously published [1], with reduced sampling (at 5, 15, 30,
40, 75 and 150 min after the end of infusion) for the following
52 patients. Plasma was separated within 15 min and frozen at
-40 °C within 30 min of collection. Total and unbound plasma
melphalan concentrations were measured using our previously
published high performance liquid chromatography assay
employing ultraviolet detection [25]. The assay for total melpha-
lan had excellent inter-day precision (<6%) and accuracy (<2%
deviation from true concentration) and was linear from 0.5 to
40 μg ml–1 concentrations. The limit of detection was
0.1 μgml–1. Specificitywas demonstratedwith respect tomelpha-
lan hydrolysis products and several drugs that were tested.

The concentration data were used to develop a two com-
partment population pharmacokinetic model for melphalan
using the NONMEM VI software. Full details of this model are
provided in our previously published manuscript [1]. Total
and unbound melphalan exposure (area under the concen-
tration vs. time curve, AUC and uAUC) were calculated from
individual estimates of total and unbound clearance using
the formula, AUC = dose/clearance.

Disease parameters
Immunoglobulin levels, serum electrophoretogram,
immunofixation and paraprotein quantitation were re-
corded: at diagnosis, within 7 days prior to ASCT, at 6 weeks
(42 to 49 days), then at 6, 12, 18 and 24 months post-ASCT
and in the event of disease progression or re-initiation of ther-
apy. Where an abnormal band, detected in either the γ- or β-
globulin region, was unable to be quantified the level was es-
timated by subtracting the laboratory mean of that fraction
from the total fraction. The stage of myeloma was recorded
using both the Durie–Salmon and International Staging Sys-
tems. [26, 27] Disease response criteria conformed to those re-
cently established by the Consensus Recommendation of the
International Myeloma Working Group, with the exception
that serum free light chains (SFLCs) were not available during
the recruitment period. [28].

Transplant assessment
Transplant parameters recorded included stem cell dose in-
fused (CD34+ cells x106 kg–1), transfusion requirements,
engraftment parameters and any non-infectious or
gastrointestinal toxicities ≥ grade 3. All grades of infectious
and gastrointestinal toxicities, including oral mucositis, coli-
tis, nausea, vomiting and diarrhoea, were recorded daily from
2 days prior to day 28 post-transplant, using the National
Cancer Institute Common Terminology Criteria for Adverse
Events (version 3). Since mucositis is a major toxicity of
HDM, this was assessed using both the clinical (appearance
of the oral mucosa) and functional (symptoms and degree
of nutritional support required) scales of the National Cancer
Institute Common Terminology Criteria for Adverse Events
(version 3). Administration of any maintenance therapy (e.g.
steroids or thalidomide) post-transplant was also recorded.

Endpoints tested for association with
melphalan exposure and other potential
influential factors
The study endpoints tested for associations with melphalan
exposure were time to progression (TTP) post-transplant,
PFS and OS. TTP was measured from the date of ASCT until
the first sign of relapse or progression (e.g. reappearance of
paraprotein or rise of >25%, or new bone lesions or increase
in size of existing bone lesions). PFS was defined as survival
without evidence of disease relapse or progression.

The primary toxicity endpoint tested for association with
melphalan exposure was the development of ≥ grade 3 oral
mucositis, as defined and monitored for in the preceding
section.

Statistics
All statistical analyses were performed using IBM SPSS Statis-
tics software, version 21.

Binary logistic regression was used to assess the effect of
various risk factors (including melphalan exposure/dose, pa-
tient characteristics and disease parameters) on the incidence
of severe mucositis (≥ grade 3, either clinical or functional)
with each factor first run as a univariate independent vari-
able. Variables with P values <0.1 were considered for inclu-
sion in the multivariate model, after testing for colinearity.
The final model was that which provided the best predictions
for severe (≥ grade 3) oral mucositis.

Multivariate Cox proportional hazards regression models
were developed to identify the factors associated with longer
TTP, PFS or OS. Covariates tested included those related to
melphalan exposure (AUC, uAUC), and those related to dis-
ease parameters (e.g disease stage, paraprotein type) and pa-
tient characteristics (e.g. age, weight, BMI and creatinine
clearance, calculated with the Cockcroft & Gault equation
[29]). Each factor was first assessed in a univariate analysis,
with some continuous variables also tested as categorical var-
iables (BMI ≥ 30 kg m–2, AUC ≥median 12.84 mg l–1 h). Those
covariates with a P value of less than 0.25 were selected for
further evaluation in the multivariate model. A backwards
stepwise technique was used for model building, with the
least significant covariate removed at each step. The final
model consisted of patient covariates remaining significant
at the P < 0.05 level. Results were expressed as hazard ratios
and corresponding 95% confidence intervals.

Kaplan–Meier survival analysis was used to examine the
influence of high (≥ median of 12.84 mg l–1 h) and low (<
12.84 mg l–1 h) melphalan AUC on TTP, PFS and OS. In this
Br J Clin Pharmacol (2016) 82 149–159 151
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analysis, AUC needed to be recoded as a categorical variable.
As a clinical cut-off point had not been identified, a median
split of the data was used because it ensured equivalent sam-
ple size in the high and low groups. Significance of differ-
ences at (1) 3 years and (2) for the whole period of follow-up
was determined using the log rank test. Median survival times
for TTP, PFS and OS were determined for the high and low
AUC groups using Life Tables and compared using the
Wilcoxon (Genhan) statistic, with the total period of time be-
ing subdivided into 6 monthly time intervals.

The Friedman test was used to determine whether
paraprotein levels differed significantly at diagnosis, then at
pre- and post-high dose melphalan and ASCT. The paired
Wilcoxon rank signed test was also used to test whether the
paraprotein levels measured prior to high dose melphalan
and ASCT were significantly different to those measured
post-ASCT. The Mann–Whitney test was used to compare
percentage paraprotein change from diagnosis with pre-ASCT
and from pre- to post-ASCT.

A number of statistical tests were used to investigate pos-
sible reasons for the unexpectedly poorer outcomes of the
39 patients receiving maintenance therapy post-ASCT. The
chi square test was used to determine whether this group
had a significantly greater proportion of patients with (1)
stage 3 disease (Durie–Salmon and International Staging Sys-
tems), (2) relapsed or progressive disease or (3) lowmelphalan
AUC. The Mann–Whitney test was used to determine
whether there were significant differences in creatinine clear-
ance or in percentage change in paraprotein levels from diag-
nosis to pre-ASCT or from pre to post-ASCT compared with
the remainder of the population.
Results

Patient demographics and pre-transplant
characteristics
One hundred and fourteen patients underwent HDM and
ASCT between July 2005 and July 2010, with all follow-up
ending on August 1 2013. On this date, the median post-
transplant follow-up time was 4.4 years (range 0.3 to 9.0).
Baseline patient characteristics are shown in Table 1. Of the
114 patients, 22 were treated for relapsed or progressive dis-
ease. One hundred and three patients were undergoing their
first transplant and 11 their second. A variety of pre-
transplant chemotherapy-based induction regimens was
used with little use of thalidomide or bortezomib, (Table S1).
Best response to induction therapy at time of first transplant
was complete response in 5%, very good partial response in
3%, partial response in 74% and stable disease in 16% of pa-
tients (Table 1). Thirty nine (34.2%) patients received mainte-
nance treatment post-transplant.
Melphalan pharmacokinetics
After a median melphalan dose of 193 mg m–2 (range
89–216 mg m–2, two patients with dose above 203 mg m–2),
there was five-fold variability in melphalan exposure, with
AUC values ranging from 4.9–24.6 mg l–1 h (median
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12.84 mg l–1 h). The unbound melphalan AUC (uAUC)
ranged from 1.0–6.4 mg l–1 h (median 2.8 mg l–1 h).

Transplant toxicity
Patients received a median 5.1 x 106 kg–1 CD34+ cells (range
1.3–17.0 x 106 kg–1). Median time to neutrophil recovery to
≥0.5 x 109 l–1 was 11 days (range 6–27 days), and median time
to platelet recovery >20 x 109 l–1 was also 11 days (range 0 to
151 days). Seventy-three patients (64%) required red cell
transfusions (median 2 units, range 1–12) and 86 (75%) re-
quired platelet transfusions (median 2 single donor equiva-
lents, range 1–32). The frequencies of transplant-related
toxicities ≥ grade 3 are listed in Table 2. Eighty-two percent
of patients experienced febrile neutropenia. One patient,
with a melphalan AUC of 18.4 mg l–1 h, died due to bacterial
pneumonia on day 100 post-transplant, giving a 100 day
transplant-related-mortality (TRM) of 0.83%. Clinical and
functional mucositis ≥ grade 3 were experienced by 12 and
20% of patients, respectively. The median duration of muco-
sitis was 5 days (range 0–25). Increased melphalan AUC (con-
tinuous) (HR 1.21, 95% CI 1.06, 1.38, P = 0.004) and β2-
microglobulin at ASCT (HR 1.26, 95% CI 1.04, 1.53,
P = 0.021) were significantly associated with a higher inci-
dence of severe mucositis in a multiple logistic regression
model (Tables S2, Table 3).

Disease response post-transplant
Overall response after induction therapy plus ASCT was com-
plete response in 17/114 (14.9%) patients, very good partial
response in 11 (9.6%), partial response in 68 (59.7%), stable
disease in 17 (14.9%) and progressive disease in one (0.9%).
Ninety-eight patients (85%) had a recordable paraprotein at
diagnosis. The median paraprotein at commencement of in-
duction therapy was 33 g l–1 (range 0–113 g l–1), decreasing
to 8 g l–1 (range 0–61 g l–1) pre-ASCT and 3 g l–1 (range 0–
33 g l–1) 6 weeks post-ASCT (P < 0.001). Paraprotein levels de-
creased from diagnosis to pre-ASCT by median 72% (range 0–
100%), and from pre- to post-ASCT by median 55% (range 0–
100%) but did not differ significantly between the high and
low AUC groups.

Time to progression
After median 4.4 years of follow-up disease progression had
occurred in 80/114 (70%) patients. Four patients died prior
to relapse and three were lost to follow-up. Figure 1A is a
Kaplan–Meier plot showing the influence of melphalan
AUC on TTP. At 3 years freedom from progression was 47%
vs. 35% for the high vs. low AUC groups, but this difference
was not significant (P = 0.105). Median TTP was 2.59 years
for the high AUC group vs. 1.83 years for the low AUC group
(P = 0.047). Multivariate analysis (Table S3) identified re-
lapsed or progressive disease as the sole factor associated with
shorter TTP, (HR 2.67, 95% CI 1.56, 4.57, P = 0.001). High
AUC was not significantly associated with longer TTP (HR
0.66, 95% CI 0.43, 1.03, P = 0.068).

Progression-free survival
After median 4.4 years of follow-up 84/114 (74%) patients
had died or relapsed/progressed. Figure 1B is a



Table 1
Pre-transplant characteristics of 114 patients with multiple myeloma

Patient characteristics, median (range)

Age (years) 58 (35–73)

Weight (kg) 78 (42–132)

Melphalan dose (mg m–2) 193 (89–216)

Gender (number of patients)

males/females 68/46

Immunologic isotype (number of patients)

IgG 71 (62%)

IgA 26 (23%)

Biclonal 1 (1%)

Light chain 14 (13%)

Non-secretory 2 (2%)

Durie and Salmon disease stage (number of patients)

1A/1B 35/0

2A/2B 38/2

3A/3B 26/9

Unknown 4

International disease stage

1/2/3/Unknown 42/39/22/11

Diagnosis parameters, median (range)

Serum creatinine (μmol l–1) 86 (41–548, n = 106)

β2-microglobulin (mg l–1) 3.2 (1.2–39, n = 102)

Albumin (g l–1) 38 (8–60, n = 110)

Haemoglobin (g l–1) 112 (73–151, n = 101)

Lytic lesions (number Yes/No/unknown) 65/39/10

Pre-autograft parameters, median (range)

Serum creatinine (μmol l–1) 78 (35–501)

Creatinine clearance (ml min–1) 96 (14–255)

β2-microglobulin (mg l–1) 2.4 (1–15, n = 99)

Albumin (g l–1) 39 (23–52)

Maximum response at autograft (number of patients)

Complete 6 (5%)

Very good partial 3 (3%)

Partial 84 (74%)

Minimal 5 (4%)

No change 13 (11%)

Unknown 3 (2%)

Table 2
Frequency of serious (≥ grade 3) transplant-related toxicity

Toxicity
Incidence Number
of patients (%)

Mucositis

-Clinical 14 (12%)

-Functional 23 (20%)

Gastrointestinal toxicity

- Nausea 15 (13%)

- Vomiting 6 (5%)

- Diarrhoea 24 (21%)

- Colitis 3 (3%)

Fatigue 5 (4%)

Neurology (e.g. seizures, loss of consciousness) 4 (4%)

Cardiovascular 1 (1%)

Pulmonary 2 (2%)

Haemorrhage (rectal bleeding) 1 (1%)

Hepatobiliary (raised GGT for 84 days) 1 (1%)

Renal failure 1 (1%)

Melphalan exposure is associated with survival in myeloma
Kaplan–Meier plot showing the influence of melphalan
AUC on PFS. At 3 years the PFS was 44% vs. 34% for the
high vs. low AUC groups (P = 0.172). Median PFS was
2.41 years for the high AUC group vs. 1.81 years for the
low AUC group (P = 0.089). On multivariate analysis (Table S4)
only relapsed/progressive disease prior to ASCT was associated
with inferior PFS (HR 2.82, 95% CI 1.69, 4.72, P < 0.001).
Overall survival
After median 4.4 years of follow-up 46/114 (40%) patients
had died. Figure 1C is a Kaplan–Meier plot showing the influ-
ence of melphalan AUC onOS. At 3 years OS was 89% vs. 64%
for high vs. low melphalan AUC (P = 0.003). Median survival
time was 8.50 years for the high AUC group vs. 5.38 years for
the low AUC group (P = 0.028). On multivariate analysis
(Table 4) high AUC was associated with significantly
improved OS (HR, 0.40, P = 0.001). AUC (continuous), when
included in the model instead of AUC (categorical), was also
significant (HR 0.90, P = 0.031). Elevated β2-microglobulin
at diagnosis (HR 1.08, P = 0.001), progressive disease before
ASCT (HR, 3.26, P = 0.003) and maintenance treatment
post-ASCT (HR 2.06, P = 0.04) were associated with shorter
overall survival. The observed poorer outcome in 39 patients
who received maintenance therapy was unexpected. Investiga-
tion of possible reasons for this identified that they had signifi-
cantly better renal function (median 80 vs.59 ml min–1 70 kg–1,
P = 0.001). Twenty-four of these 39 patients (62%) hadmelpha-
lan exposure less than the median, but this was not significant
using the chi square test (P = 0.073).While this group did have a
significantly higher proportion of patients with Durie and
Br J Clin Pharmacol (2016) 82 149–159 153



Table 3
Multiple logistic regression analysis of risk factors for the development of severe oral mucositis (≥ grade 3, either functional or clinical) in 114 my-
eloma patients who had high dose melphalan and ASCT

Maximum likelihood estimates Odds ratio estimates

Parameter Estimate Standard error Wald Χ
2 P value Odds ratio 95% CI

Intercept -4.657 1.064 19.158 0.000 0.009

AUC (mg l–1 h) 0.193 0.067 8.365 0.004 1.213 1.064, 1.382

β2-M (mg l–1) 0.229 0.099 5.298 0.021 1.257 1.035, 1.528

AUC, melphalan area under the concentration vs. time curve; β2-M, β2-microglobulin at ASCT.

Figure 1
A) Association of melphalan exposure with time to progression, B) association of melphalan exposure with progression-free survival and C) asso-
ciation of melphalan exposure with overall survival

C. E. Nath et al.
Salmon stage 3 disease (58% vs. 16%, P< 0.001) compared with
the remainder, there was no difference in disease stage (Interna-
tional Staging System), in the % change in paraprotein levels
from diagnosis to pre-ASCT, or from pre- to post-ASCT, or in
the proportion of patients being treated for relapsed or progres-
sive disease.
154 Br J Clin Pharmacol (2016) 82 149–159
Discussion
While the use of newer agents both pre and post-transplant
has dominated much clinical research and been key to cur-
rent survival advances, HDM continues to play a central
role in the management of myeloma. The 200 mg m–2



Table 4
Cox regression analysis of potential factors significantly associated with overall survival

Covariate n

Number
of
events

Cox univariate analysis Cox multivariate analysis

HR (95% CI) P HR (95% CI) P

AUC (mg l–1 h) continuous 114 46 0.96 (0.88, 1.04) 0.29 0.90 (0.81, 0.99) 0.031

Unbound AUC Continuous (mg l –1h) 114 46 0.97 (0.72, 1.32) 0.87

AUC (categorical)

1 = AUC ≥ 12.84 mg l–1 h 57 19 0.57 (0.32, 1.03) 0.06 0.40 (0.20, 0.81) 0.001

0 = AUC < 12.84 mg l–1 h 57 27

Melphalan dose (mg m–2) 114 46 0.99 (0.98, 1.01) 0.23

Melphalan dose (mg kg–1) 114 46 0.91 (0.58, 1.42) 0.67

Age (years) 114 46 1.03 (0.99, 1.06) 0.12 1.03 (0.99, 1.07) 0.085

BMI (kg m–2) 114 46 0.96 (0.90, 1.02) 0.22 0.97 (0.90, 1.05) 0.43

BMI (categorical)

1 = BMI ≥ 30 kg m–2 40 15 0.80 (0.43, 1.48) 0.47

0 = BMI < 30 kg m–2 74 24

Gender

1 = female 46 15 0.64 (0.35, 1.19) 0.16 0.55 (0.26, 1.17) 0.12

0 = male 68 31

Weight (kg) 114 46 0.99 (0.98, 1.01) 0.57

CLcr (ml min–1) 114 46 1.0 (0.99, 1.01) 0.82

First ASCT

1 = yes 103 38 0.31 (0.14, 0.68) 0.003 0.55 (0.15, 1.93) 0.35

0 = no 11 8

Treatment post-ASCT

1 = yes 39 21 2.07 (1.15, 3.72) 0.015 2.06 (1.03, 4.11) 0.041

0 = no 71 24

Paraprotein type

1 = IgG 70 32 1.55 (0.83, 2.91) 0.17 1.04 (0.47, 2.27) 0.93

0 = other 44 14

Disease stage (Durie–Salmon)

1 = Disease stage 3 35 18 1.95 (1.06, 3.58) 0.031 1.07 (0.46, 2.46) 0.88

0 = Disease stage 1 or 2 75 25

Disease stage (ISS)

1 = ISS disease stage 3 22 10 0.86 (0.48, 1.54) 0.61

0 = ISS disease stage 1 or 2 79 26

Maximum response pre-ASCT

1 = CR or VGPR 19 7 0.93 (0.41, 2.08) 0.85

0 = other 93 38

(continues)

Melphalan exposure is associated with survival in myeloma
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Table 4
(Continued)

Covariate n

Number
of
events

Cox univariate analysis Cox multivariate analysis

HR (95% CI) P HR (95% CI) P

Progressive disease

1 = Yes 22 13 2.33(1.23, 4.44) 0.01 3.26 (1.48, 7.21) 0.003

0 = No 92 33

β2-microglobulin at ASCT (g l–1) 98 39 1.11 (0.97, 1.28) 0.14

β2-microglobulin at diagnosis (g l–1) 100 37 1.09 (1.04, 1.14) 0.000 1.08 (1.03, 1.13) 0.001

Albumin at ASCT (g l–1) 114 46 0.99 (0.94, 1.04) 0.61

Albumin at diagnosis (g l–1) 108 43 0.98 (0.94, 1.02) 0.31

HR, hazard ratio, a value of less than 1 indicates that the factor is associated with decreased mortality and higher survival probability, while a value of
greater than 1 indicates increased mortality and lower survival probability.
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surface area-based dose (with modifications in renal impair-
ment and obesity) has been the standard for many years,
but pharmacokinetic and pharmacodynamic data was lack-
ing so it was not clear whether this dosing approach pro-
vided optimal exposure for every patient. This prospective
study of HDM suggests such an approach may be inade-
quate, as there was a five-fold range in melphalan expo-
sure, and high exposure (AUC above the median) being
associated with a marked survival advantage. This was most
marked in the first 2–3 years post-ASCT, the time period
when further adjuvant therapy is most likely to add to
the minimal residual disease status induced by HDM. The
advantage in disease control was offset by an acceptable in-
crease in ≥ grade 3 gastrointestinal toxicity and no discern-
ible adverse impact on the low transplant–related mortality
of <1%.

Our study was conducted in a heterogeneous population
in an era that predated extensive use of the newer immuno-
modulatory induction and post-transplant therapies, so our
post ASCT complete response rate of 14.9% may be lower
than that achieved in current patients. Nonetheless, the use
of older induction therapy for myeloma is counterbalanced
by the prolonged follow-up that such a study provides and
HDM is still a central component of consolidating myeloma
therapy in eligible patients. Therefore optimizing melphalan
exposure remains relevant and important for achieving a
minimal disease burden, complementing the effectiveness
of novel therapies. Given the clear benefit of higher exposure
to melphalan in the first few years post-ASCT, optimizing
melphalan exposure with HDM would be expected to im-
prove survival long term.

In our previous pharmacokinetic study, we found patients
with good renal function tended to have higher melphalan
clearance and we estimated the population mean renal clear-
ance to be approximately 40% [1]. While the observed infe-
rior survival in patients receiving post-transplant
maintenance most likely reflects selection bias in this study
where pre- or post-transplant therapy was at the discretion
of the local investigator, it is also likely related to the very
good renal function in this population and their consequent
156 Br J Clin Pharmacol (2016) 82 149–159
lower melphalan exposure. Patients with good renal function
may be at risk of underexposure to melphalan and may re-
quire dose increases to ensure optimal outcomes, particularly
those patients with high risk disease. It should also be noted
that there was no information on biologic disease risk such
as cytogenetics or FISH, so it was not possible to determine
whether these 39 patients had biological factors suggesting
high risk disease status.

Logistic regression analysis identified increased melpha-
lan exposure and β2-microglobulin at ASCT as significantly
associated with the occurrence of ≥ grade 3 mucositis. The as-
sociation with melphalan exposure is consistent with our
previous results [1], whilst the association with β2-microglob-
ulin is most likely related to the fact that β2-microglobulin
correlates with renal function. Although creatinine clearance
was also significant, it less correctly predicted patients with ≥
grade 3 mucositis when substituted for β2-microglobulin in
the model.

The absence of paraprotein data for 15% of our pa-
tients, and the confounding impact of induction therapy
where 82% of patients had already achieved a partial re-
sponse or better prior to ASCT, likely contributed to a lack
of power to correlate higher melphalan exposure with post-
transplant paraprotein response. Similarly, the unreliability
of paraprotein measurements at lower levels and use of
post-transplant maintenance therapy in 34% of patients
impacts on both TTP and PFS assessments in myeloma,
highlighting the limitations of these surrogate endpoints
for OS.

While safe, the morbidity of HDM and ASCT is significant
for all patients, so it is important to maximize its therapeutic
benefit. Having demonstrated that high melphalan exposure
correlates with improved overall survival, the next challenge
is to determine if it is possible to develop a patient-specific
pharmacokinetic strategy to target this higher exposure with-
out excessive transplant toxicity. We are currently
conducting a pilot study evaluating whether pharmacoki-
netic analysis of a test dose of melphalan (20 mg m–2) targets
a desired AUC with a high degree of accuracy and feasibity. In
our current study we are collecting serum free light chain and
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FISH analysis data as well as documenting the effect of high
melphalan exposure across populations with different induc-
tion therapies and genetic profiles. Melphalan pharmacoki-
netic analysis in a larger and contemporary cohort would
also be valuable to allow identification of a significant associ-
ation between melphalan AUC and PFS. It will be similarly
important to analyze the impact of genetic polymorphisms
for the drug handling glutathione transferase (GST) enzymes
which have been associated with significantly greater toxicity
and mucositis in patients undergoing ASCT [30].

Melphalan for injection has marginal solubility and
limited chemical stability upon reconstitution and dilu-
tion. Delays in drug administration, long infusion times
and delayed sample processing all have the potential to
affect the accuracy and reproducibility of pharmacokinetic
results. In our study, shorter infusion times were recom-
mended (ideally within 0.5 h) and it was also stressed that
blood samples should be separated and the plasma frozen
within half an hour of collection, or, if delays were
expected, then blood samples could be collected on to
ice. Melphalan for injection contains propylene glycol
solubilizer that has the potential to cause to renal and
cardiac side effects that limit the ability to deliver higher
doses. There is now a new formulation of melphalan, pro-
pylene glycol-free, Capitsol-enabled melphalan, which has
been shown to be bioequivalent to melphalan for injec-
tion in myeloma patients undergoing ASCT, but it does
produce 10% higher AUC values [31]. It is likely that our
results showing an association between high AUC and im-
proved survival are also applicable to Capitsol-enabled
melphalan. An improved toxicity profile is also expected,
but this would need to be studied prospectively, also
collecting pharmacokinetic and outcome data. Improved
stability might allow dose administration using slower in-
fusion rates and longer durations, with improved accuracy
of pharmacokinetic determinations.

HDM is the most commonly used transplant condition-
ing regimen prior to ASCT. After 30 years, optimizing its use
remains central to the quest to prolonging survival for pa-
tients with myeloma.
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