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Abstract
Background: This study evaluated efficacy and safety of sugammadex 4 mg kg−1 for deep neuromuscular blockade (NMB)
reversal in patientswith severe renal impairment (creatinine clearance [CLCR] <30mlmin−1) vs thosewithnormal renal function
(CLCR ≥80 ml min−1).
Methods: Sugammadex 4 mg kg−1 was administered at 1–2 post-tetanic counts for reversal of rocuronium NMB. Primary
efficacy variable was time from sugammadex to recovery to train-of-four (T4/T1) ratio 0.9. Equivalence between groups was
demonstrated if two-sided 95% CI for difference in recovery times was within −1 to +1 min interval. Pharmacokinetics of
rocuronium and overall safety were assessed.
Results: The intent-to-treat group comprised 67 patients (renal n=35; control n=32). Median (95% CI) time from sugammadex to
recovery to T4/T1 ratio 0.9 was 3.1 (2.4–4.6) and 1.9 (1.6–2.8) min for renal patients vs controls. Estimated median (95% CI)
difference between groups was 1.3 (0.6–2.4) min; thus equivalence bounds were not met. One control patient experienced
acceleromyography-determined NMB recurrence, possibly as a result of premature sugammadex (4 mg kg−1) administration,
with no clinical evidence of NMB recurrence observed. Rocuronium, encapsulated by Sugammadex, was detectable in plasmaat
day 7 in 6 patients. Bioanalytical data for sugammadex were collected but could not be used for pharmacokinetics.
Conclusions: Sugammadex 4 mg kg−1 provided rapid reversal of deep rocuronium-induced NMB in renal and control patients.
However, considering the prolonged sugammadex-rocuronium complex exposure in patients with severe renal impairment,
current safety experience is insufficient to support recommended use of sugammadex in this population.
Clinical trial registration: NCT00702715.
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Editor’s key points

• Sugammadex was given to reverse rocuronium- induced
deep NMB in 35 patients with renal impairment.

• The median time to recovery was 3.1 min in renal patients,
and 1.9 min in controls.

• Sugammadex clearance is reduced in renal impairment.
• In view of prolonged sugammadex exposure in renal im-
pairment, the current safety data are insufficient.

Sugammadex is amodified γ-cyclodextrin designed selectively to
reverse the effects of the neuromuscular blocking agents
(NMBAs) rocuronium and vecuronium. Sugammadex and the su-
gammadex-NMBA complex are excreted predominantly via the
kidneys.1 A previous study showed that sugammadex 2 mg kg−1

was well tolerated and effective in reversing moderate (adminis-
tration at reappearance of second twitch [T2] of the train of four)
rocuronium-induced neuromuscular blockade (NMB) in patients
with severe renal impairment. Sugammadex-mediated reversal
of NMB was slower in patients with severe renal impairment
and plasma clearance of sugammadex was reduced, compared
with those with normal renal function.2 3

Sugammadex has been shown safely and effectively to antag-
onize deep rocuronium and vecuronium-induced NMB (1–2 post
tetanic count [PTCs]).4 5

The aims of this studywere to evaluate the efficacy, safetyand
pharmacokinetics of sugammadex 4 mg kg−1 for reversal of deep
NMB in patients with severe renal impairment, and to compare
the results with a control group of patients with normal renal
function.

Methods
This was an open-label, case control, comparative study, known
as the Firefly study (www.clinicaltrials.gov; NCT00702715; spon-
sor protocol number P05769) conducted at eight centres in
Europe, between October 2008 and March 2010. The study was
conducted in accordancewith principles of Good Clinical Practice
and was approved by the appropriate ethics committees, institu-
tional review boards and regulatory agencies.

Patients aged ≥18 years scheduled to undergo a surgical pro-
cedure using rocuronium for neuromuscular relaxation were in-
cluded in the study. The aim was to enrol 35 patients with severe
renal impairment (creatinine clearance [CLCR] <30 ml min−1), of
ASA class I-III, with no anticipatedneed for haemodialysis during
the first 24 h after sugammadex, and 35 control patientswith nor-
mal renal function (CLCR ≥80 ml min−1). CLCR was calculated
using the Cockcroft & Gault formula,6 assuming CLCR=0 in renal
patients on haemodialysis without urine production. Patients
undergoing renal transplant surgery, those who were pregnant
or breast-feedingwomen, or with neuromuscular disorders, hep-
atic dysfunction, a history of malignant hyperthermia, or allergy
to narcotics, NMBAs or othermedication used during general an-
aesthesia were excluded, as were patients receiving fusidic acid,
toremifene and/or flucloxacillin, as these drugs have the poten-
tial to displace rocuronium from the sugammadex-NMBA
complex.

Sample size was based on previous studies in which a dose of
sugammadex 4 mg kg−1 was administered.4 5 7 8 It was assumed
that recovery data would follow a Gaussian distribution and that
the standard deviation (SD) for recovery times would be equal in
both subject populations. Consequently, the 95% confidence

interval (CI) was based on Student’s t distribution. It was calcu-
lated that 32 patients would need to be enrolled in each group
to give ∼80% ( 1 min) probability of identifying equivalence in
recovery times. Taking into account a 5–7% dropout rate, it was
determined that a sample size of 35 patients per group would
be required. Study sites enrolled renal and control patients in a
1:1 ratio. All patients provided written informed consent before
enrolment.

Anaesthesia was induced and maintained with i.v. propofol
and an opioid. Normothermia and normocapnia were main-
tained, and thenar skin temperaturewasmeasured continuously
and maintained at 32°C throughout surgery. Neuromuscular
monitoring was performed at the adductor pollicis muscle with
acceleromyography (TOF-Watch® SX, Organon Ireland Ltd, a div-
ision of Merck and Co., Dublin, Ireland). After calibration of the
TOF-Watch® SX, an i.v. bolus dose of rocuronium 0.6 mg kg−1

was given for tracheal intubation, with maintenance doses 0.1–
0.2 mg kg−1 as necessary to maintain deep NMB at a target
depth of 1–2 PTC. Patients received sugammadex 4 mg kg−1 i.v.
for reversal after the last dose of rocuronium at a target depth
of 1–2 PTC.

Efficacy endpoints

The primary efficacy endpoint was time from start of administra-
tion of sugammadex to recovery of the T4/T1 ratio to ≥0.9. Based
upon data from Phase II and IIIA sugammadex studies, a time to
recovery of the T4/T1 ratio to 0.9 of >6 min was considered to be a
prolonged recovery time. Secondary efficacy endpoints included
the time from the start of administration of sugammadex to
recovery of the T4/T1 ratio to 0.7 and 0.8.

Safety assessments

Safety was assessed from the screening period until four weeks
post-surgery, and included adverse events (AEs), vital signs
(heart rate and bp), laboratory data and physical examination.
Patients were assessed for evidence of recurrence of NMB, both
according to TOF-Watch® SX assessment (defined as a decrease
in the T4/T1 ratio from ≥0.9 to <0.8 in at least three consecutive
T4/T1 values) and clinically (assessed by routine measurement
of oxygen saturation over 24 h after recovery to T4/T1 0.9 and
breath frequency measurements).

Pharmacokinetic assessments

Blood samples to assess rocuronium concentrations before
sugammadex administration were obtained pre-rocuronium
dosing and at 2 and 15 min after the intubating dose of rocuro-
nium. Sampling to assess both rocuronium and sugammadex
concentrations was performed pre-sugammadex and at 5
and 20min and 5, 10 and 24 h after administration of sugamma-
dex. For renal patients, blood samples were also obtained 48 h
after sugammadex and at days 7 and 28 post-surgery. For pa-
tients undergoing haemodialysis at time points 0–48 h after su-
gammadex, two additional samples were obtained pre- and
post-dialysis.

Rocuronium and sugammadex concentrations in plasma
were determined using validated liquid chromatographic assay
methods with mass spectrometric detection by the Department
of Bioanalytics-Waltrop, Merck Research Laboratories, Essex
Pharma Development GmBH, Waltrop, Germany.9 The assays
were carried out in full compliancewith Good Laboratory Practice
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regulations. The assay methods do not differentiate between
sugammadex and rocuronium in their free or complexed forms.

Statistical analysis

Efficacy analyses were performed using a non-parametric CI ap-
proach, which enables a quantitative measure of any differences
between the groups. Median difference in recovery time between
the groups and corresponding two-sided 95% CI were calculated
using the Hodges-Lehmann estimator and Moses CI; as for previ-
ous studies of this type.2 10 Equivalence in efficacy between the
renal and control group was considered to be demonstrated
when the CI for the difference between the groups was within a
−1 to +1 min interval.

Data sets analysed

The intention-to-treat (ITT) group, which consisted of all treated
patients who had at least one efficacy assessment, was used for
the efficacy analyses. In the case ofmissing data, valueswere im-
puted using a relatively slow value (90th percentile) within each
of the treatment groups. The all-subjects-treated (AST) groupwas
used for the safety analysis. Pharmacokinetic analysis was per-
formed for all subjects from the AST group who had measurable

sugammadex or rocuronium concentration in ≥1 blood samples
obtained at the specified sampling points and who did not have
any protocol violations interfering with pharmacokinetics.

Results
A total of 69 patientswere enrolled in the study, across eight Euro-
pean sites, ofwhom68 received treatmentwith sugammadex (Nij-
megen, Netherlands, n=24; Amsterdam, Netherlands, n=9; Zwolle,
Netherlands, n=4; Manchester, UK, n=16; Cardiff, UK, n=1;
Feldkirch, Austria, n=9; Wien, Austria, n=4; Créteil, France, n=1).
Mean CLCR in the renal failure group (n=35) was 13 ml min−1

(range 6–24 ml min−1). Mean (range) CLCR for the control group
was 126 (61–230 ml min−1). Twelve renal patients received
haemodialysis after surgery. One patient in the control group re-
ceived sugammadex rather than rocuronium, in error, and no
efficacy measurements were performed; thus 67 patients were
included in the ITT group and in all efficacy assessments (Fig. 1).
Baseline characteristics of the AST group are shown in Table 1.

The median (range) total dose of rocuronium administered
was 0.97 (0.59–2.10) mg kg−1 and 1.15 (0.59–2.90) mg kg−1

for renal and control group patients, respectively. Most renal
patients (77%) underwent surgical procedures relating to
dialysis.

Enrolled in the study
(n=69)

Severe renal impairment
(n=35)

Sugammadex
4 mg kg–1 (AST and ITT group)

(n=35)

Excluded from PK evaluable
group because:
   Anaesthetic other than propofol (n=1)
   Sugammadex given too early (n=1) 

Excluded from PK evaluable group because:
   Anaesthetic other than propofol (n=1)†

   Did not receive rocuronium (n=1) 
   CLCR outside specified range (n=2)
   Sugammadex given too early/late (n=1) 

Excluded from ITT group because:
   Sugammadex given instead
   of rocuronium (n=1) 

 ITT group
   (n=32) 

 PK evaluable group
(n=33) 

Could not be reached after Day 3
for follow up (n=1) 

Completed the study
(n=34) 

Completed the study
(n=33) 

PK evaluable group
(n=28) 

Sugammadex
4 mg kg–1 (AST group)

(n=33)

Control
(n=34)

Discontinued before sugammadex
due of logistical reasons (n=1)

Fig 1 Patient flow through the study, in accordancewith CONSORT guidelines. †This patient received sugammadex too early, which also constituted exclusion from

the pharmacokinetically (PK) evaluable group; AST, all-subjects-treated; ITT, intent-to-treat.
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Efficacy analyses

Median (95% CI) time from the start of sugammadex administra-
tion to recovery of the T4/T1 ratio to 0.9 (primary efficacy end-
point) was 3.1 (2.4–4.6) and 1.9 (1.6–2.8) min for renal and
control patients, respectively (Table 2). Times to recovery to
T4/T1 ratios of 0.7 and 0.8 are also shown in Table 2. The median
(95% CI) difference in recovery times to TOF ratio 0.9 between the
two groups was 1.3 (0.6–2.4) min. As the CI of this difference in
recovery times between the SRI and control groups did not lie
entirely within the pre-specified −1 to +1 min interval, equiva-
lence of efficacy between the patient groups could not be
demonstrated.

Four patients (three renal patients and one control) had pro-
longed times to recovery of the T4/T1 ratio to 0.9. In the renal
group, the prolonged recovery times were 6.3, 8.0 and 14.1 min.
One patient in the control group had a recovery time of 6.4 min.
All four patients were included in the ITT group, and efficacy
analyses.

Safety analyses

In the AST group, at least one AEwas experienced by 66% of renal
patients and 70%of controls. Themost frequently occurring AE in
both groups was: procedural pain (n=9 for renal patients; n=11 for
controls). Two patients in the control group experienced AEs that

were considered by the investigator to be possibly related to su-
gammadex (recurrence of NMB [n=1] and diarrhoea [n=1]). The ac-
celeromyographically determined recurrence of NMB was likely
to be attributable to the administration of sugammadex (4 mg
kg−1) when 1 PTC was measured for the first time, only 5 min
after the intubating dose of rocuronium was administered; in
this onset phase of NMB, the recommended sugammadex dose
is 16 mg kg−1.11 Both patients recovered fully from the AEs. No
clinical evidence (i.e. respiratory problems) of residual NMB or re-
currence of NMB was reported after extubation for any patient.

At least one serious AE was reported for nine renal patients
and three patients in the control group; none were considered
to be related to sugammadex (Table 3). Out of three renal patients
receiving anticoagulant medication two had wound haemor-
rhage and one wound haematoma. One patient had a benign
ovarian tumour and one had ovarian cancer; both had reported

Table 1 Summary of patient baseline characteristics (AST group;
n=68). , standard deviation; aTwo patients in the control group
had a CLCR below the pre-defined range of ≥80 ml min−1 (61 and
64mlmin−1, respectively). However, as in both patients the CLCR
was closer to theminimumCLCR of the control group than to the
maximum CLCR of the renal group, they were assigned to the
control group by the investigator

Renal group
CLCR <30 ml
min−1 (n=35)

Control group
CLCR ≥80 ml
min−1 (n=33)

Gender
Male, n (%) 18 (51) 20 (61)
Female, n (%) 17 (49) 13 (39)

Age, yrs
Mean () 57 (16) 45 (15)
Weight, kg

Mean () 73 (22) 86 (20)
Race, n (%)

White 30 (86) 33 (100)
Black or African
American

3 (9) 0 (0)

Other 2 (6) 0 (0)
Ethnicity, n (%)

Hispanic/Latino 0 (0) 1 (3)
Non-Hispanic/Latino 35 (100) 32 (97)

ASA Class, n (%)
I 0 (0) 16 (48)
II 3 (9) 14 (42)
III 32 (91) 3 (9)

CLCR, ml min−1

Mean () 13 (5) 126 (41)
Range 6–24 61–230a

0–15 ml min−1, n (%) 24 (69) 0 (0)
15–30 ml min−1, n (%) 11 (31) 0 (0)
Haemodialysis, n (%) 12 (34) 0 (0)

Table 2 Median (95% CI) time (min) from the start of
administration of sugammadex to recovery of the TOF ratio to
0.7, 0.8 and 0.9 (ITT group, n=67)a. aData for the four patients with
prolonged recovery times (3 renal and one control) are included
in the efficacy analysis

Renal group
CLCR <30 ml
min−1 (n=35)

Control group
CLCR ≥80 ml
min−1 (n=32)

P-Value

TOF 0.7 2.3 (1.7–3.3) 1.2 (1.1–1.8) <0.0001
TOF 0.8 2.5 (2.0–3.8) 1.5 (1.3–2.1) <0.0001
TOF 0.9 3.1 (2.4–4.6) 1.9 (1.6–2.8) 0.0002

Table 3Number (%) of patients with at least one serious AE (AST
group; n=68). aPretibial wound of leg because of patient fall; bThe
recorded onset date of the serious AE reflects the date of
pathological diagnosis with onset occurring before
sugammadex administration;chigh urea (26 mmol−1) and
associated symptoms of vomiting, confusion, worsening
constipation

Serious AE, n (%) Renal group
CLCR <30 ml
min−1 (n=35)

Control group
CLCR ≥80 ml
min−1 (n=33)

Pneumonia 1 (3) 0 (0)
Subdiaphragmatic

abscess
0 (0) 1 (3)

Thrombophlebitis septic 1 (3) 0 (0)
Anastomotic leak 0 (0) 1 (3)
Incision site haematoma 1 (3) 0 (0)
Narcotic intoxication 1 (3) 0 (0)
Seroma 0 (0) 1 (3)
Wounda 1 (3) 0 (0)
Wound haemorrhage 2 (6) 0 (0)
Benign ovarian tumour 1 (3) 0 (0)
Ovarian cancerb 0 (0) 1 (3)
Azotaemiac 1 (3) 0 (0)
Pulmonary oedema 1 (3) 0 (0)
Respiratory failure 1 (3) 0 (0)
Necrosis as a result of

vascular insufficiency
1 (3) 0 (0)

Blood creatinine
increased

1 (3) 0 (0)
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onset of signs or symptoms before administration of sugamma-
dex. All subjects with reported serious AEs recovered from the
Serious AE, with the exception of the patientwith ovarian cancer.
There were no deaths during the study.

For three renal and two control patients, a total of six AEswere
reported that were related to changes in pre-specified laboratory
safety parameters. These were one patient each with increased:
gamma GT, blood creatinine and blood creatine phosphokinase
in the renal group, and two patients with increased neutrophils
and a patient with increased white blood cells in the control
group. The increased concentration of blood creatinine in a
renal patient was considered a serious AE (Table 3). None of
these AEs were considered to be related to sugammadex. In the
renal group, mean liver enzyme values remained generally simi-
lar over time, with modest increases observed in alkaline phos-
phatase and gamma glutamyl transferase at Days 7 and 28. In
the control group, in which patients underwent a higher
frequency of intra-abdominal procedures (cholecystectomies),
modest mean increases were observed in all liver enzyme para-
meters and were also most prominent at Days 7 and 28 (Table 4).
No clinically meaningful changes in vital signs or haematology
were observed in either group.

Pharmacokinetic analysis

In total, the data from 61 patients were evaluable for pharmaco-
kinetic assessment (Fig. 1), including the four patients with
prolonged recovery times. Unfortunately the validity of sugam-
madex bioanalytical data failed to reach quality standards at an
internal audit conducted by Merck & Co., Inc. after closure of
the study. Sample to sample carryover could not be ruled out.
Re-assay was not possible because of unavailable duplo samples
and stability issues. As a result all Sugammadex bioanalytical
data are to be considered invalid and cannot be used for pharma-
cokinetic analysis. Median plasma concentrations for rocuro-
nium are shown in Fig. 2. During the first 20 min after dosing
sugammadex, plasma concentrations of rocuronium were simi-
lar in both groups. Thereafter, rocuronium concentrations de-
creased faster in the control than renal group.

Six renal patients had measurable rocuronium concentra-
tions (above LLOQ of 2 ng ml−1) at Day 7, with no patients having
measurable rocuronium concentrations at Day 28.

Rocuronium pharmacokinetic parameters were not calculated
as many subjects received maintenance doses of rocuronium in
addition to the initial doseandcalculationofpharmacokineticpara-
meters under these conditions according to non-compartmental
pharmacokinetic methods was not appropriate.

Haemodialysis

Twelve patients received haemodialysis during the study (18–47
h post-surgery; duration 3–4 h), haemodialysis methods differed
between centres. Pharmacokinetic effect of haemodialysis could
not be analysed.

Discussion
Sugammadex 4mg kg−1 resulted in complete, rapid and well-tol-
erated reversal of deep rocuronium-induced NMB both in pa-
tients with severe renal impairment and in controls with
normal renal function. The estimatedmedian (95% CI) difference
in recovery times between groups indicated that time from start
of sugammadex to recovery of the T4/T1 ratio to 0.9 was slower in
the renal group. This finding is in line with a previous case-

control study,2 in which sugammadex 2 mg kg−1 was adminis-
tered at reappearance of T2; in this study the estimated mean
(95% CI) difference in recovery times between the two groups
was 0.5 min (0.2–1.1) min.2 It was not expected that administra-
tion of sugammadex 4 mg kg−1 at deep NMB would result in pro-
longation of recovery time vs sugammadex 2mgkg−1 atmoderate
NMB. In both studies, patients in the renal group had a high bur-
den of underlying medical conditions that could have contribu-
ted to their longer recovery times. While cardiac output was not
assessed in the current study, kidney disease is often associated
with reduced cardiac function.12 13 A study performed in elderly
patients demonstrated that reduced cardiac output is correlated
with slower recovery after sugammadex (2mg kg−1) for moderate
rocuronium-induced NMB reversal.14 Further data from studies
investigating the onset and recovery of NMB with respect to car-
diac output in selected populations will provide the required
knowledge for clinical application.

In the present study, administration of sugammadex 4 mg
kg−1 resulted in rapid recovery to a T4/T1 ratio of 0.9 in both
groups; in total, 71% of patients in the renal group achieved a
T4/T1 ratio of 0.9 in <5min, comparedwith 97%of control patients
(ITT group). However, as the median (95% CI) difference in recov-
ery times between groups in the present study did not lie within
the pre-specified −1 to +1 min interval, equivalence with respect
to efficacywas not demonstrated. Nevertheless, it is important to
note that themedian 3.1 min recovery time observed in renal pa-
tients remains considerably more rapid compared with neostig-
mine reversal of deep4 and moderately deep (in the presence of
desflurane maintenance anaesthesia).15

Four patients included in the efficacy and pharmacokinetic
analyses had prolonged times to recoverywhichwere considered
to be related to their clinical condition, old age and/or technical
issues with neuromuscular monitoring. Importantly, there was
no evidence of recurrence of NMB in any patient with severe
renal impairment. Occasional outliers inNMB recovery can be ex-
pected in patients with severe renal impairment. The prolonged
time to recovery in the control patient in this study, however, was
considered to be exclusively related to technical issues with
neuromuscular monitoring.

The efficacy findings in this study are comparable with find-
ings from other studies where sugammadex was given at 1–2
PTC for reversal of deep rocuronium NMB.4 8 These suggest that
sugammadexmay facilitate optimal surgical conditions in proce-
dures benefiting from deep NMB by allowing the anaesthetist to
maintain deep blockade until the end of surgerywithout the con-
cern of prolonged recovery at the end of the procedure, which
should thus help to improve patient safety.16

Sugammadex was generally well tolerated in both patient
groups and no safety signals were observed in the renal patients.
Two renal patients receiving anticoagulant medication had
wound haemorrhage and one receiving anticoagulant medica-
tion had wound haematoma. Patients with severe renal impair-
ment may be at increased risk of bleeding in general and the
use of anticoagulants increases this risk. It is currently recom-
mended that caution be exercised when considering the use of
sugammadex in patients receiving therapeutic anticoagulation
for a pre-existing or co-morbid condition.11

In the present study, performed pharmacokinetic analysis of
sugammadex had to be considered invalid and clearance could
not be calculated. Six renal patients still had measurable rocuro-
nium concentrations above the LLOQ at Day 7. In the case of pro-
longed measurable rocuronium in combination with the
assumption of reduced sugammadex clearance,3 this is likely to
be rocuronium which is encapsulated by sugammadex.
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Table 4 Changes from baseline for liver function test parameters, (AST group; n=68)

Renal group CLCR <30 ml min−1 (n=35) Control group CLCR ≥80 ml min−1 (n=33)

Liver function
parameter % change
from baseline

20 min 5 h Post-
anaesthetic

Follow-up Day 7 Follow-up Day 28 20 min 5 h Post-
anaesthetic

Follow-up Day 7 Follow-up Day 28

Alanine aminotransferase
n 35 35 34 33 34 33 32 32 33 31
Mean () 1.83 (16.93) 6.67 (25.32) −1.96 (29.38) 21.09 (84.19) 64.90 (177.94) 0.30 (14.50) 51.35 (114.16) 56.60 (140.50) 79.65 (118.07) 38.35 (91.68)
Range −45.5–40.0 −50.0–100.0 −54.5–110.0 −72.7–300.0 −64.3–950.0 −31.6–31.6 −21.1–491.7 −46.2–626.7 −66.7–600.0 −55.6–500.0

Albumin
n 35 35 35 33 34 33 32 32 33 31
Mean () −5.35 (7.20) −1.28 (7.39) 0.45 (9.62) 7.79 (12.57) 11.79 (10.47 −7.49 (10.71) −0.45 (10.47) 0.43 (16.91) 14.34 (14.83) 16.71 (10.44)
Range −22.1–12.5 −17.4–15.2 −13.4–33.0 −15.1–45.6 −13.7–32.6 −41.9–8.2 −39.6–17.4 −63.3–24.3 −43.7–38.0 −19.7–34.3

Alkaline phosphatase
n 35 35 35 33 34 33 32 32 33 31
Mean () −4.63 (7.86) −0.32 (10.17) 3.70 (14.83) 20.90 (35.67) 30.97 (67.34) −6.77 (12.34) 1.05 (13.03) 1.64 (21.00) 29.17 (29.76) 23.70 (21.92)
Range −23.2–14.6 −20.3–21.1 −33.3–30.4 −38.6–154.7 −72.5–366.7 −41.7–12.7 −38.3–24.1 −65.3–51.7 −11.8–149.2 −18.2–95.2

Aspartate aminotransferase
n 35 35 35 33 34 33 32 32 33 31
Mean () −7.82 (19.65) 4.37 (23.86) 5.73 (31.94) 12.26 (53.99) 16.16 (45.39) 4.83 (22.89) 87.27 (174.09) 58.58 (128.36) 36.65 (101.05) 11.82 (29.05)
Range −79.4–31.3 −76.5–66.7 −73.5–100.0 −73.5–166.7 −64.7–145.5 −23.1–87.5 −12.0–706.3 −38.5–500.0 −59.3–538.5 −23.1–92.3

Bilirubin
n 35 35 34 33 34 33 32 32 33 31
Mean () −7.61 (22.14) −0.05 (47.13) 15.98 (60.82) −0.80 (50.13) 12.90 (56.07) −2.06 (29.23) 24.32 (54.20) 40.18 (62.69) 24.28 (65.08) 23.67 (51.64)
Range −50.0–51.5 −83.5–152.9 −83.5–200.0 −66.7–152.9 −62.8–200.0 −50.0–68.6 −66.7–168.6 −75.0–152.9 −50.5–202.9 −50.0–152.9

Gamma GT
n 35 35 35 33 34 33 32 32 33 31
Mean () −6.95 (9.07) 3.74 (24.31) 3.85 (20.99) 25.74 (46.09) 74.57 (309.16) −7.16 (12.92) 57.42 (176.70) 50.38 (148.87) 78.30 (114.17) 31.93 (46.13)
Range −26.1–15.0 −22.2–128.6 −30.4–71.4 −38.5–182.6 −75.4–1805.9 −36.4–14.3 −36.4–900.0 −55.0–557.1 −18.3–627.3 −64.7–145.5

Protein total
n 35 35 35 33 34 33 32 32 33 31
Mean () −4.99 (7.19) −1.28 (7.61) 0.31 (9.43) 9.01 (11.62) 10.79 (9.62) −7.66 (11.20) −0.24 (10.45) 0.37 (17.46) 17.53 (13.74) 18.58 (8.59)
Range −19.1–9.5 −18.6–13.9 −13.3–32.6 −11.7–38.3 −9.3–28.6 −43.9–9.5 −39.4–14.8 −64.1–29.5 −30.6–41.5 2.7–39.6
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Unfortunately, the assay methods used did not allow differenti-
ation between sugammadex and rocuronium in their free or com-
plexed forms. Toxicity studies indicate that γ-cyclodextrins are
safe for use in the doses recommended for sugammadex17; how-
ever renal insufficiency can result in accumulation of many
forms of cyclodextrin.18 Considering the prolonged sugammadex
exposure in patients with severe renal impairment, current
safety experience is considered insufficient to support recom-
mended use of sugammadex in this patient population.

Owing to its molecular size and charge, dialysability of su-
gammadex was expected to be good. In this study, only limited
numbers of patients received haemodialysis, and parameters
such as time spent on dialysis and the type of membranes used
were not standardized between study centres. Indeed, there is a
need formore controlled studies in dialysis patients in the future.
High-flux haemodialysis filters appeared to be more effective
than low-flux in removing sugammadex and its complex with
rocuronium from the circulation. This has been described in a re-
cent study in dialysis patients in which high-flux haemodialysis
was shown to be effective in removing the sugammadex
4 mg kg−1 rocuronium 0.6 mg kg−1 complex in patients with se-
vere renal impairment when sugammadex was administered
15 min after rocuronium.19

In summary, sugammadex 4 mg kg−1 provided rapid reversal
of deep rocuronium-induced NMB in renal and control patients,
including occasional prolonged times to recovery in renal
patients as a result of underlying medical conditions. However,

considering the up to 7 days prolonged sugammadex complexed
rocuronium exposure in patients with severe renal impairment
in some cases, current safety experience is insufficient to support
the use of sugammadex in patients with a creatinine clearance
<30 ml min−1 at this time.

Acknowledgements
The clinical research scientist for the study was Martine Prins,
MSc (formerly of MSD, Oss, The Netherlands). Medical writing
support was provided by Melanie More from Prime Medica
(Knutsford, Cheshire, UK) during the preparation of this manu-
script. This assistance was funded by Merck Sharpe & Dohme
Corp., a subsidiary of Merck & Co., Inc., Whitehouse Station, NJ,
USA. The design and conduct of the study, and analysis of the
study data and opinions, conclusions, and interpretation of the
data, are the responsibility of the authors.

Authors’ contributions
All authors are responsible for the work described in this paper.
I.F.P., M.M.J.S. , M .W.H. andN.J.N.H contributed to patient recruit-
ment, data collection andwriting up of the first draft of the paper.
S.J.A.G. and C.B. contributed to patient recruitment, data collec-
tion and revising the paper for important intellectual content.
M.J.G.H.K. and M.W.v.d.H contributed to the study design, data

‡‡‡

Time after sugammadex
injection (h)

†Concentrations determined during and after haemodialysis are excluded for patients in the
severe renal impairment group
‡Low end range <2.0 ng ml–1

0 5 10 15 0 5 10 15 20

Time after first rocuronium/sugammadex injection (min)

10 000

1000

100

Rocuronium
injection

Sugammadex
injection

10

1

11 000

10 000

9000

8000

7000

6000

5000

4000

3000

2000

1000

0

0 12 24 36 48M
ed

ia
n 

(r
an

ge
) 

ro
cu

ro
ni

um
co

nc
en

tr
at

io
n 

(n
g 

m
l–1

)

M
ed

ia
n 

(r
an

ge
) 

ro
cu

ro
ni

um
co

nc
en

tr
at

io
n 

(n
g 

m
l–1

)

Severe renal impairment
(n=33)

Controls (n=28)

Fig 2 Median (range) rocuronium plasma concentration (ng ml−1) vs time (min) after injection of rocuronium and sugammadex, for time points up to 20 min after

injection of sugammadex. Inset shows a logarithmic plot ofmedian rocuronium plasma concentration (ngml−1) vs time (h) for time points up to 48 h after injection

of sugammadex†.

783 | Sugammadex reversal of deep block: renal patients

D
ow

nloaded from
 https://academ

ic.oup.com
/bja/article/114/5/777/234720 by guest on 10 April 2024



analysis and revising the paper for important intellectual content
All authors read and approved the final manuscript.

Declaration of interests
M.J.G.H.K. and M.W.H. are employees of MSD, Oss, The Nether-
lands, whomay own stock and/or hold stock options in the Com-
pany. M.W.H. has received travel and research grants fromMerck
Sharp & Dohme Corp., a subsidiary of Merck & Co., Inc., White-
house Station, S.J.A.G. and N.J.N.H. received funding from
Merck Sharp & Dohme Corp., a subsidiary of Merck & Co., Inc.,
Whitehouse Station, NJ.

Funding
This study was supported by Merck Sharp & Dohme Corp., a
subsidiary of Merck & Co., Inc., Whitehouse Station, NJ, USA.

References
1. Gijsenbergh F, Ramael S, Houwing N, van Iersel T. First

human exposure of Org 25969, a novel agent to reverse the ac-
tion of rocuroniumbromide.Anesthesiology 2005; 103: 695–703

2. Staals LM, Snoeck MMJ, Driessen JJ, Flockton EA, Heeringa M,
Hunter JM. Multicentre, parallel-group, comparative trial
evaluating the efficacy and safety of sugammadex in patients
with end-stage renal failure or normal renal function. Br J
Anaesth 2008; 101: 492–7

3. Staals LM, Snoeck MM, Driessen JJ, et al. Reduced clearance of
rocuronium and sugammadex in patients with severe to end-
stage renal failure: a pharmacokinetic study. Br J Anaesth 2010;
104: 31–9

4. Jones RK, Caldwell JE, Brull SJ, Soto RG. Reversal of profound
rocuronium-induced blockade with sugammadex: a rando-
mized comparison with neostigmine. Anesthesiology 2008;
109: 816–24

5. Lemmens HJ, El-Orbany MI, Berry J, Morte JB Jr, Martin G. Re-
versal of profound vecuronium-induced neuromuscular
block under sevoflurane anesthesia: sugammadex versus
neostigmine. BMC Anesth 2010; 10: 15

6. Cockcroft DW, Gault MH. Prediction of creatinine clearance
from serum creatinine. Nephron 1976; 16: 31–41

7. Groudine SB, Soto R, Lien C, Drover D, Roberts K. A rando-
mized, dose-finding, phase II study of the selective relaxant
binding drug, Sugammadex, capable of safely reversing

profound rocuronium-induced neuromuscular block. Anesth
Analg 2007; 104: 555–62

8. Duvaldestin P, Kuizenga K, Saldien V, et al. A randomized,
dose-response study of sugammadex given for the reversal
of deep rocuronium- or vecuronium-induced neuromuscular
blockade under sevoflurane anesthesia. Anesth Analg 2010;
110: 74–82

9. de Zwart MA, ten Bruggencate-Broeders J, van Hal HJ,
Megens RH, Frasa HW. Determination of sugammadex in
human plasma, urine, and dialysate using a high-perform-
ance liquid chromatography/tandem mass spectrometry
assay. J Chromatogr B Analyt Technol Biomed Life Sci 2011; 879:
1573–86

10. McDonagh DL, Benedict PE, Kovac AL, et al. Efficacy, safety,
and pharmacokinetics of sugammadex for the reversal of ro-
curonium-induced neuromuscular blockade in elderly pa-
tients. Anesthesiology. 2011; 114: 318–29

11. Sugammadex Summary of Product Characteristics. Available
from http://www.ema.europa.eu/docs/en_GB/document_
library/EPAR_-_Product_Information/human/000885/WC50
0052310.pdf (accessed 15 January 2012)

12. Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY. Chronic
kidney disease and the risks of death, cardiovascular events,
and hospitalization. N Engl J Med 2004; 351: 1296–305

13. Schrier RW. Role of diminished renal function in cardiovascu-
lar mortality: marker or pathogenetic factor? J Am Coll Cardiol
2006; 47: 1–8

14. Yoshida F, Suzuki T, Kashiwai A, Furuya T, Konishi J, Ogawa S.
Correlation between cardiac output and reversibility of rocur-
onium-inducedmoderate neuromuscular block with sugam-
madex. Acta Anaesthesiol Scand 2012; 56: 83–7

15. Sacan O,White PF, Tufanogullari B, Klein K. Sugammadex re-
versal of rocuronium-induced neuromuscular blockade: a
comparison with neostigmine-glycopyrrolate and edropho-
nium-atropine. Anesth Analg 2007; 104: 569–74

16. Naguib M. Sugammadex: another milestone in clinical neuro-
muscular pharmacology. Anesth Analg 2007; 104: 575–81

17. Munro IC, Newberne PM, Young VR, Bär A. Safety assessment
of gamma-cyclodextrin. Regul Toxicol Pharmacol 2004; 39
(Suppl 1): S3–S13

18. Stella VJ, He Q. Cyclodextrins. Toxicol Pathol 2008; 36: 30–42
19. Cammu G, Van Vlem B, van den Heuvel M, et al. Dialysability

of sugammadex and its complexwith rocuronium in patients
with severe renal impairment. Eur J Anaesth 2011; 28: 134: 9-
AP34

Handling editor: R. P. Mahajan

Panhuizen et al. | 784

D
ow

nloaded from
 https://academ

ic.oup.com
/bja/article/114/5/777/234720 by guest on 10 April 2024

http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000885/WC500052310.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000885/WC500052310.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000885/WC500052310.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000885/WC500052310.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000885/WC500052310.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000885/WC500052310.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000885/WC500052310.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000885/WC500052310.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000885/WC500052310.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


