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After the introduction of sugammadex into clini-
cal practice, it has been suggested that in cases in 
which a rapid sequence intubation is indicated, 

administration of rocuronium followed shortly thereafter 

by large-dose sugammadex is a safer alternative than the 
use of conventional doses of succinylcholine for reestablish-
ing neuromuscular activity in “can’t intubate, can’t venti-
late” (CICV) situations.1 The onset of effect of rocuronium 
1.2 mg/kg is not different from that achieved by 1.0 mg/
kg of succinylcholine.2 When this dose of rocuronium is fol-
lowed 3 minutes later by the administration of 16 mg/kg 
of sugammadex, the total duration of neuromuscular block 
is shorter by 4 to 5 minutes than what is observed after an 
“intubating dose” of succinylcholine.3 Because 90% twitch 
recovery at the adductor pollicis occurs in approximately 
6 minutes after rocuronium/sugammadex administration 
and presumably functional diaphragm activity returns even 
sooner, it has been hypothesized that respiratory activity 
will recover before significant arterial desaturation.4–6

However, as a 2012 editorial comment has pointed out, 
in the first few minutes after induction of anesthesia, the 
primary factor determining return of spontaneous respira-
tion may not be the depth of neuromuscular block but rather 
the degree of centrally mediated respiratory depression 

BACKGROUND: An unanticipated difficult airway during induction of anesthesia can be a vexing 
problem. In the setting of can’t intubate, can’t ventilate (CICV), rapid recovery of spontaneous 
ventilation is a reasonable goal. The urgency of restoring ventilation is a function of how quickly 
a patient’s hemoglobin oxygen saturation decreases versus how much time is required for 
the effects of induction drugs to dissipate, namely the duration of unresponsiveness, ventila-
tory depression, and neuromuscular blockade. It has been suggested that prompt reversal of 
rocuronium-induced neuromuscular blockade with sugammadex will allow respiratory activity 
to recover before significant arterial desaturation. Using pharmacologic simulation, we com-
pared the duration of unresponsiveness, ventilatory depression, and neuromuscular blockade 
in normal, obese, and morbidly obese body sizes in this life-threatening CICV scenario. We 
hypothesized that although neuromuscular function could be rapidly restored with sugammadex, 
significant arterial desaturation will occur before the recovery from unresponsiveness and/or 
central ventilatory depression in obese and morbidly obese body sizes.
METHODS: We used published models to simulate the duration of unresponsiveness and venti-
latory depression using a common induction technique with predicted rates of oxygen desatura-
tion in various size patients and explored to what degree rapid reversal of rocuronium-induced 
neuromuscular blockade with sugammadex might improve the return of spontaneous ventilation 
in CICV situations.
RESULTS: Our simulations showed that the duration of neuromuscular blockade was longer 
with 1.0 mg/kg succinylcholine than with 1.2 mg/kg rocuronium followed 3 minutes later by 
16 mg/kg sugammadex (10.0 vs 4.5 minutes). Once rocuronium neuromuscular blockade 
was completely reversed with sugammadex, the duration of hemoglobin oxygen saturation 
>90%, loss of responsiveness, and intolerable ventilatory depression (a respiratory rate of 
≤4 breaths/min) were dependent on the body habitus and duration of oxygen administra-
tion. There is a high probability of intolerable ventilatory depression that extends well beyond 
the time when oxygen saturation decreases <90%, especially in obese and morbidly obese 
patients. If ventilatory rescue is inadequate, oxygen desaturation will persist in the latter 
groups, despite full reversal of neuromuscular blockade. Depending on body habitus, the 
duration of intolerable ventilatory depression after sugammadex reversal may be as long as  
15 minutes in 5% of individuals.
CONCLUSIONS: The clinical management of CICV should focus primarily on restoration of airway 
patency, oxygenation, and ventilation consistent with the American Society of Anesthesiologist’s 
practice guidelines for management of the difficult airway. Pharmacologic intervention cannot be 
relied upon to rescue patients in a CICV crisis.  (Anesth Analg 2016;123:82–92)
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induced by the opioids and hypnotics used for the induc-
tion of anesthesia.7,8

Unfortunately, clinical investigations of the duration of 
apnea after commonly used induction regimens are sur-
prisingly few. Comparative studies are almost nonexistent. 
The search for the optimal induction sequence (adequate 
reflex suppression plus rapid recovery) is complicated by 
the number of possible alternatives. In view of the complex-
ity and cost of doing a comprehensive comparative clini-
cal study, it is unlikely that any such investigation will be 
forthcoming. An alternative approach is to use pharmacol-
ogy simulation models in an attempt to address these ques-
tions. We hypothesized that in a patient with an obstructed 
airway in the immediate postinduction period, “rescue 
reversal” of neuromuscular blockade would not guarantee 
a clinically useful reduction in the period of vulnerability 
(i.e., pharmacological approaches are not appropriate as the 
first line of managing CICV situations).

The aim of this study was to compare, by computer sim-
ulation, the duration of unresponsiveness and ventilatory 
depression by the use of a common induction technique 
with predicted rates of oxygen desaturation in various size 
patients and explore to what degree rapid reversal of neu-
romuscular blockade with sugammadex might improve the 
return of spontaneous ventilation.

METHODS
Simulation
Using common induction agents, 3 sets of simulations were 
performed to predict (1) onset and duration of unrespon-
siveness and ventilatory depression; (2) onset, duration, 
and reversal of neuromuscular blockade; and (3) the rate of 
oxygen desaturation in the presence of apnea for selected 
body sizes and ventilatory variables (inspired oxygen, 
respiratory rate, and alveolar tidal volume). Table 1 presents 
the patient demographics of various body sizes, and Table 2 

presents the induction agents, dose, and pharmacokinetic 
models used in these simulations. Pharmacokinetic simu-
lations were used to predict effect-site concentrations over 
time for each drug presented in Table 2 as dosed.

Weight Scalars
When administering induction agents to obese individuals, 
clinicians often use a weight that results in a total dose that 
is less than what would be administered if using total body 
weight. Researchers have explored the use of weight sca-
lars (e.g., ideal body weight, lean body mass, fat-free mass, 
pharmacokinetic mass, modified fat-free mass, etc.) with 
varied results. Several weight scalars use both height and 
weight whereas others use only height to predict a useful 
dosing weight. Samples of selected weight scalars for the 
patient demographics used in this simulation are presented 
in Table 3. The optimal weight scalar is not well defined for 
obese and morbidly obese patients and is likely different for 
individual sedatives, opioids, or neuromuscular-blocking 
agents. For simulation purposes, modified fat-free mass was 
used for propofol and opioids, and total body weight was 
used for neuromuscular-blocking agents and sugammadex. 
From a clinical perspective, the resultant total dose using 
these weight scalars was considered appropriate in patients 
with the body mass indexes (BMIs) reported in Table 1.

Simulations of Sedative and Analgesic Effects
To predict the effects from coadministration of propofol and 
an opioid, pharmacodynamic interaction models were used 
to estimate the probability of loss of responsiveness and ven-
tilatory depression over time (Table  4). Predicted propofol 
and opioid effect-site concentrations from pharmacokinetic 
simulations were used as input into the interaction models. 
Model predictions of loss of responsiveness were defined 
as a loss to painful (trapezius squeeze) stimuli as defined 
by the modified observers assessment of alertness/seda-
tion scale <2.15 Model predictions of ventilatory depression 
were defined as a respiratory rate of ≤4 breaths/min.14,16 
Interaction models were built from observations in volun-
teers receiving propofol and remifentanil in an unstimu-
lated state. Relative opioid potency equivalencies were 
used to scale remifentanil-propofol interaction models to 
fentanyl. Fentanyl effect-site concentrations were converted 

Table 1.  Simulated Patient Demographics
Age: 40 y
Gender: male
Height: 170 cm
Weights, kg
    75 (BMI = 26 kg/m2)
    95 (BMI = 33 kg/m2)
    130 (BMI = 45 kg/m2)

BMI = body mass index.

Table 2.  Dosing Regimen and Pharmacokinetic 
Models Used for Simulation

Drug and dose
Pharmacokinetic  

model
Weight  
scalar

Opioids
    Fentanyl 2 μg/kg Shafer et al.9 MFFM
Sedative hypnotic
    Propofol 2 mg/kg Cortinez et al.10 MFFM
Neuromuscular blocker
    Succinylcholine 1 mg/kg Roy et al.11 TBW
    Rocuronium 1.2 mg/kg Kleijn et al.12 TBW
Neuromuscular reversal agent
    Sugammadex 16 mg/kg Kleijn et al.12 TBW

MFFM = Modified fat-free mass; TBW = total body weight.

Table 3.  Dosing Weights for Selected Weight 
Scalars and Total Doses for Propofol and Fentanyl 
Using Those Weight Scalars

Weight scalar
Dosing  

weight, kg
Propofol  

2 mg/kg, mg
Fentanyl  

2 μg/kg, μg
Ideal body weight
    75 kg (BMI = 26 kg/m2) 66 132 132
    95 kg (BMI = 33 kg/m2) 66 132 132
    130 kg (BMI = 45 kg/m2) 66 132 132
Fat-free mass
    75 kg (BMI = 26 kg/m2) 57 113 113
    95 kg (BMI = 33 kg/m2) 65 129 129
    130 kg (BMI = 45 kg/m2) 74 147 147
Modified fat-free mass
    75 kg (BMI = 26 kg/m2) 64 128 128
    95 kg (BMI = 33 kg/m2) 78 155 155
    130 kg (BMI = 45 kg/m2) 96 192 192

BMI = body mass index.
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to equivalent remifentanil effect-site concentrations using a 
relative potency of remifentanil to fentanyl = 1:1.2.17,18

Simulations of Neuromuscular Blockade and 
Reversal with Sugammadex
Predictions of effect-site concentrations and drug effect for 
rocuronium and reversal with sugammadex were made 
with the use of published pharmacokinetic and pharmaco-
dynamic interaction models.12 Pharmacokinetic models for 
rocuronium and sugammadex accounted for age and used 
allometric scaling to account for size in model parameter 
predictions. Predictions of effect-site concentrations and 
drug effect for succinylcholine were made with published 
pharmacokinetic and pharmacodynamic models.11 Propofol 
and opioids do not alter the potency of neuromuscular-
blocking drugs.19,20 Muscle relaxants were administered  
1 minute after propofol was administered. Time to 50% 
recovery of the first twitch (T1) was used to compare the 
duration of effect between succinylcholine and rocuronium 
followed by reversal with sugammadex.

Simulations of Hemoglobin Oxygen Desaturation
To predict the time until the onset of oxygen desatura-
tion, a system of equations (Supplemental Digital Content, 
Supplemental Table A, http://links.lww.com/AA/B423) 
was used to estimate the changes in alveolar oxygen 

concentration and predicted hemoglobin oxygen saturation 
(Spo2) during preoxygenation, induction of anesthesia, and 
subsequent apnea. The system of equations accounted for 
storage of oxygen in the functional residual capacity (FRC) 
as well as oxygen consumption throughout the period of 
modeled predictions. The equations used allometric scal-
ing to account for height and weight in model parameters. 
The time until onset of oxygen desaturation was predicted 
for 2 periods of preoxygenation (1 and 3 minutes) for each 
of the 3 body sizes. The onset of oxygen desaturation was 
defined as Spo2 of 90%. A list of assumptions and limita-
tions of the simulations is presented in the Supplemental 
Digital Content (Supplemental Table B, http://links.lww.
com/AA/B423). Elements of these assumptions include the 
following: The fraction of inspired oxygen (Fio2) was set to 
0.6 to mimic a poor facemask seal and/or an uncooperative 
patient when attempting preoxygenation with an Fio2 of 1. 
The respiratory rate was 14 breaths/min in an unstimulated 
awake individual. The resting alveolar tidal volume set at  
3 mL/kg represented the anatomic dead space volume sub-
tracted from the total tidal volume.

To compare the extent of desaturation between body 
sizes, the area under the curve (AUC) of hemoglobin oxy-
gen saturation levels <90% was estimated. The AUC was 
defined as the integral of the hemoglobin oxygen saturation 
<90% over time. An example of the AUC estimation is pre-
sented in Figure 1. This set of simulations assumed a 3-min-
ute period of preoxygenation with an Fio2 of 0.6. Graphic 
representation of the AUC was used to compare values 
among body sizes.

An additional set of simulations was performed to 
explore the influence of changes in alveolar tidal volume, 
inspired oxygen concentrations, and respiratory rate on the 
time course of hemoglobin oxygen saturation. Alveolar tidal 
volume was varied over a range of 1 to 5 mL/kg in incre-
ments of 1 mL/kg. Inspired oxygen concentration was var-
ied over a range of 0.2 to 1.0 in increments of 0.2. Respiratory 
rate was varied over a range of 4 to 16 breaths/min  
in increments of 4 breaths/min.

Simulation Comparisons
Comparisons of the duration of predicted effects were made 
to explore which effects persisted more than others after 
reversal of rocuronium with sugammadex and whether those 

Table 4.  Pharmacodynamic Interaction Models 
Used for Simulation

Drug effect Definition
Interaction  

model
Opioid sedative
    Loss of  

responsivenessa

OAA/S <2 Kern et al.13

    Ventilatory depression Spontaneous 
ventilatory rate of 
≤4 breaths/min

LaPierre et al.14

Rocuronium-sugammadex
    Neuromuscular  

blockade reversal
Return of normal  

neuromuscular 
function

Kleijn et al.12

An OAA/S <2 indicates no response to painful stimuli.
OAA/S = Observer’s Assessment of Alertness/Sedation.
aNo model of consciousness or awareness exists; only models of 
responsiveness.

Figure 1. An example of model predictions of 
hemoglobin (Hgb) oxygen desaturation during a 
4-minute period to illustrate (1) the area under 
the curve (AUC) of hemoglobin oxygen satura-
tion levels <90% (gray area), (2) the change 
in AUC over time (blue line), and (3) a 5-point 
scale describing the potential risk of harm from 
hypoxia. This example assumes complete apnea 
during the 4-minute period. The cumulative AUC 
at each transition in the scale is presented as 
a numeric range within the AUC plot. The “very 
high” element of the scale has 2 segments: 
Solid red represents the duration of hemoglobin 
oxygen saturation <50 for up to 1.2 minutes. 
Cross-hatched red represents the period beyond  
1.2 minutes and for simulation purposes is 
defined as a critical period associated with a very 
high risk of harm from hypoxic.

http://links.lww.com/AA/B423
http://links.lww.com/AA/B423
http://links.lww.com/AA/B423
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effects would last longer than the duration of oxygen satura-
tion >90%. Specific comparisons included the following:

1. The duration of neuromuscular blockade with  
1.0 mg/kg succinylcholine vs 1.2 mg/kg rocuronium 
reversed 3 minutes later with 16 mg/kg sugammadex.

2. The duration of unresponsiveness and intoler-
able ventilatory depression (a respiratory rate of ≤4 
breaths/min) after reversal of rocuronium for each 
body size and dosing regimen.

3. The duration of oxygen saturation >90% after rever-
sal of rocuronium for each body size across a range 
of respiratory rates, inspired oxygen concentrations, 
and alveolar tidal volumes during preoxygenation.

To facilitate comparison between body sizes, a scale was used 
to provide a clinical interpretation of model predictions of 
responsiveness and intolerable ventilatory depression (Fig. 2). 
The probabilities of responsiveness and intolerable ventila-
tory depression were characterized by the use of a 5-point 
scale ranging from “very rare” to “almost certain.” To charac-
terize the potential risk of an adverse event (i.e., anoxic brain 
injury or death) in the setting of an unanticipated difficult air-
way, inability to mask ventilate, failure to secure the airway, 
and rapid hemoglobin oxygen desaturation, interpretations 
of these scales were made using the following assumptions:

1. If unresponsive, yet spontaneously breathing, the 
likelihood of an adverse event is low. This scenario 
was defined as the probability of responsiveness is 
<50% corresponding to scale values of “unlikely,” 
“rare,” or “very rare,” yet the probability of tolerable 
ventilatory depression is <5% (“rare” or “very rare”).

2. If responsive, yet ventilatory depression is substan-
tial, the likelihood of an adverse event is also low if 
a prompt to breathe provides a means of self-rescue. 
This scenario was defined as a probability or respon-
siveness >50% (“likely” to “almost certain”) with a 
probability of intolerable ventilatory depression is 
<5% (“rare” to “very rare”).

3. If unresponsive and with profound ventilatory 
depression, self-rescue will be ineffective, and the risk 
of harm from hypoxia is high.

A 5-point scale was used to characterize the potential risk 
of harm from hypoxia (Fig. 1). Assignment of each category 
within the scale was based on the authors’ clinical experi-
ence, assuming a rapid desaturation in the presence of per-
sistent apnea (Table  5). Additional assumptions were that 
a small decrease in saturation <95% has a “very low” or 
“low” risk of harm but is a precursor to more worrisome 
saturation changes. Once <90%, desaturation will acceler-
ate over the next 30 to 60 seconds, leading to a change in 
risk from “moderate” to “very high” of potential harm from 
hypoxia. For saturations that persist <50% for longer than  
1 to 2 minutes, a patient is in a critical condition with a very 
high risk of harm from hypoxia.

For comparison purposes in the context of predictions 
of responsiveness, intolerable ventilatory depression, and 
hypoxia, the following were used to estimate the periods 
of high risk of hypoxic injury after induction with failure to 
ventilate or secure the airway:

1. The probability of responsiveness <50% (“unlikely,” 
“rare,” or “very rare”),

2. The probability of intolerable ventilatory depression 
>5% (“unlikely,” “likely,” or “almost certain”), and

3. The predicted risk of harm from hypoxia is “high” or 
“very high.”

All 3 conditions were required to be considered a high risk 
of hypoxic injury. The time course of predictions was com-
pared in graphical form by body size. Time segments that 
met these 3 criteria were identified.

RESULTS
Simulations
The time course of predicted plasma and effect-site con-
centrations after induction with propofol, fentanyl, and 
succinylcholine or rocuronium followed by sugamma-
dex are presented in Figure 3 for 3 body sizes (BMI of 26, 
33, and 45 kg/m2). The time course of predicted effects 
(responsiveness, ventilatory depression, and neuromuscu-
lar blockade) is also presented in Figure 3. The time course 
of lung oxygen stores and hemoglobin oxygen saturations 
after 1 and 3 minutes of preoxygenation also is presented 
in Figure 3.

The duration of neuromuscular blockade was lon-
ger with 1.0 mg/kg succinylcholine than with 1.2 mg/kg  
rocuronium followed 3 minutes later by 16 mg/kg sugam-
madex (10.0 vs 4.5 minutes). At the time of complete 
recovery from rocuronium-induced neuromuscular block 
to a train-of-4 ratio >0.9, there is a probability that 95% of 
patients who received succinylcholine are still completely 
paralyzed.

Figure 2. Five-point scale of model predictions of responsiveness 
and intolerable ventilatory depression. The black line represents the 
probability of effect with increasing effect-site concentrations of pro-
pofol combined with fentanyl.

Table 5.  Scale Assignments According to the 
Changes in Hemoglobin Oxygen Saturation

Risk of patient harm
Drop in hemoglobin  

oxygen saturation, %
Very low >95
Low risk 95–90
Moderate 90–75
High risk 75–50
Very high <50
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Figure 3. Predicted onset and duration of selected drug effects administered to a normal (body mass index [BMI] = 26 kg/m2), obese  
(BMI = 33 kg/m2), and morbidly obese (BMI = 45 kg/m2) individuals. Induction drug sequence was fentanyl followed 3 minutes later 
by propofol followed by either succinylcholine or rocuronium. Relaxants were administered 1 min after propofol administration. Time = 0  
minutes is defined as the time propofol was administered. Rocuronium was reversed 3 minutes later with sugammadex. Doses of each 
drug are presented in Table 2. Predicted effects include probability of response based on the Observer’s Assessment of Alertness/Sedation 
(OAA/S) scale,15 probability of ventilatory depression defined as a respiratory rate of ≤4 breaths/min in an unstimulated state, neuromuscular 
blockade is defined as probability of the first twitch depression (T1%) in patients who received succinylcholine or rocuronium/sugammadex 
paradigm and predicted hemoglobin oxygen saturation in the presence of apnea. The solid lines represent plasma concentrations. The dashed 
lines represent the effect-site concentrations. Predicted oxygen saturation (Spo2) is presented as a function of the duration of preoxygenation 
before drug induced apnea. Red and blue represent 1 and 3 minutes of preoxygenation with an Fio2 of 0.6, a respiratory rate of 14 breaths/
min, and an alveolar tidal volume of 3 mL/kg. Alveolar tidal volume is defined as the anatomic dead space volume subtracted from the tidal 
volume. The pink vertical lines represent the time points at which neuromuscular blockade is completely reversed with sugammadex.
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Once rocuronium neuromuscular blockade was com-
pletely reversed with sugammadex (marked with a verti-
cal pink line in Fig. 3), the duration of hemoglobin oxygen 
saturation >90%, loss of responsiveness, and intolerable 
ventilatory depression were calculated and are presented in 
Table 6 across body sizes and duration of preoxygenation. 
After 1 minute of preoxygenation for obese and morbidly 
obese body sizes, hemoglobin oxygen saturation decreased 
<90% before reversal with sugammadex had taken place. 
With normal body habitus, desaturation <90% occurred 

within the first minute of neuromuscular recovery. After 3 
minutes of preoxygenation, the hemoglobin oxygen satu-
ration also decreased <90% for the morbidly obese body 
size before neuromuscular recovery. In the obese body size, 
the hemoglobin oxygen saturation decreased <90% at the 
time of neuromuscular recovery, and the normal body size 
remained >90% for over a minute after reversal.

Using simulated data presented in Figure 3, a compari-
son of the AUC of hemoglobin oxygen saturation <90% vs 
time by body size is presented in Figure  4. The AUCs at  
8 minutes were 193, 314, and 442 saturation %-minutes for 
BMIs of 26, 33, and 45 kg/m2, respectively.

After neuromuscular blockade reversal, the duration 
of loss of responsiveness is relatively short. It predicts that 
half of the patients will be responsive in 1 to 2 minutes 
or less for all body sizes. Similarly, the time required for  
19 of 20 patients to be responsive is 3 to 4 minutes across all 
body sizes. On the basis of the estimates of the duration of 
oxygen saturation >90% after 1 minute of preoxygenation, 
these simulations indicate that obese and morbidly obese 
patients may become hypoxic before becoming responsive. 
After 3 minutes of preoxygenation, however, only the mor-
bidly obese patients may develop hypoxia before becoming 
responsive.

After neuromuscular blockade reversal, the time 
required for half of the patients to have a respiratory rate of 
≤4 breaths/min is ≤1 minute for the morbidly obese; how-
ever, the time required that 1 of 20 patients will have a respi-
ratory rate of ≤4 breaths/min after reversal may be as long 
as 12 minutes in 5% of individuals across all body sizes.

These simulations predict that after 1 or 3 minutes of 
preoxygenation, a majority of patients will likely have 
minimal ventilatory depression, but a small percentage will 
not. Ventilatory depression may persist for several minutes 
after oxygen saturation decreases <90%. Time windows 
meeting the 3 conditions of unresponsiveness, ventilatory 
depression, and a hypoxia for high risk of hypoxic injury after 
induction with failure to ventilate or secure the airway were 
identified in the 33 and 45 kg/m2 body sizes and are pre-
sented in Figure 5. For a BMI of 33 kg/m2, the duration was 
1.5 minutes starting shortly after reversal with sugammadex 

Table 6.  Predictions of Duration of Effects Once 
Neuromuscular Blockade with Rocuronium Was 
Reversed with Sugammadexa

BMI
One minute of 

preoxygenation
Three minutes of 
preoxygenation

Duration of hemoglobin oxygen saturation >90% after 
complete reversal of neuromuscular blockade (min)b

    26 kg/m2 c 2.6
    33 kg/m2 c 0.5
    45 kg/m2 c c

Return of responsiveness (min)
50% of subjects 

recovered
95% of subjects  

recovered
    26 kg/m2 0.9 4.1
    33 kg/m2 1.0 4.2
    45 kg/m2 1.0 3.6

Return of spontaneous ventilation (min)
50% of subjects 

recovered
95% of subjects  

recovered
    26 kg/m2 0.4 11.2
    33 kg/m2 0.4 10.2
    45 kg/m2 0.0 7.9

BMI = body mass index.
aFor discussion purposes, the duration of effects presented in this table are 
presented as the time from reversal of rocuronium neuromuscular blockade 
with sugammadex (vertical pink line in Fig. 3) until selected endpoints 
in drug effects. These include the probability of response based on the 
Observer’s Assessment of Alertness/Sedation scale15 and the probability of 
ventilatory depression defined as a respiratory rate of ≤4 breaths/min in an 
unstimulated state. The reversal with sugammadex was assumed to be of 
equal duration for all body sizes.
bAssumes that apnea persists despite full reversal of rocuronium with 
sugammadex until either ventilatory depression and/or unresponsiveness 
dissipates.
cIndicates that the hemoglobin oxygen saturation is already <90%.

Figure 4. A comparison of hemoglobin (Hgb) 
oxygen saturations (top plot) and area under 
the curve (AUC) for saturations <90% over time 
(bottom plot) for 3 body sizes using simulated 
data presented in Figure 3. The saturation ver-
sus time predictions assumed 3 minutes of pre-
oxygenation with an Fio2 of 0.6 (before time = 0 
minutes). Time 0 represents the induction time. 
The vertical pink line represents the time point at 
which neuromuscular blockade was reversed with 
sugammadex (4 minutes after induction with pro-
pofol). This timing mimicked the scenario of pre-
oxygenation, followed by induction of anesthesia, 
onset of apnea (time = 0 minutes), administration 
of a neuromuscular-blocking agent at time = 1 
minute, and reversal of neuromuscular blockade 
at time = 4 minutes.
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and ending once the probability of responsiveness rose 
>50% (“likely”). For a BMI of 45 kg/m2, the duration is  
3 minutes. The onset of hypoxia (saturation <90%) occurs 
1.5 minutes before reversal with sugammadex (time = 0 
minutes). Once neuromuscular blockade is reversed, the 
risk of hypoxic injury persists for another 1.5 minutes until 
the probability of responsiveness increases >50%.

Simulations exploring how differences in respiratory rate 
(4–16 breaths/min), inspired oxygen concentration (Fio2, 
0.2–1.0), and alveolar tidal volume (1–5 mL/kg) during 3 
minutes of preoxygenation influence the duration of hemo-
globin oxygen saturation >90% after apnea are presented in 
Figure 4. Differences in the inspired oxygen concentration 
had the largest impact that diminished with increasing BMI. 
The change in time to 90% hemoglobin oxygen saturation 
with a change in Fio2 from 0.2 to 1 was 10.5, 7.2, and 5.1 min-
utes for a BMI of 26, 33, and 45, respectively. The impact of 

respiratory rate and alveolar tidal volume on the duration 
of hemoglobin oxygen saturation >90% was minimal except 
at low respiratory rates (4 breaths/min) or low alveolar 
tidal volumes (1 mL/kg).

DISCUSSION
In this report, we compared, through simulation, the dura-
tion of unresponsiveness to painful stimuli and intolerable 
ventilatory depression (respiratory rate of ≤4 breaths/min) 
using a common induction technique with predicted rates of 
hemoglobin oxygen desaturation in various size patients and 
explored how rapid reversal of neuromuscular blockade with 
sugammadex improves return of spontaneous ventilation. 
Our hypothesis was that although reversal of rocuronium 
neuromuscular blockade with sugammadex would be 
very rapid, effects from propofol in combination with fen-
tanyl, that render a patient unresponsive, with intolerable 

Figure 5. Comparison of responsiveness, intol-
erable ventilatory depression, and hypoxia to 
estimate periods of high risk of hypoxic injury 
after induction with failure to ventilate or secure 
the airway. For discussion purposes, the dura-
tion of effects presented in this table are pre-
sented as the time from reversal of rocuronium 
neuromuscular blockade with sugammadex 
(vertical pink line in Fig. 3) until selected end 
points in drug effects. See Methods for criteria 
used to estimate a high risk of hypoxic injury. 
Figures 1 and 2 present the definitions of the 
scales used to characterize the probability of 
effects. Time segments that met criteria are 
identified with a blue rectangle. The blue rect-
angle for the body mass index (BMI) of 45 kg/m2  
is truncated at time = 0 minutes because crite-
ria were met for a high risk of injury 1.5 minutes 
before reversal with sugammadex.
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ventilatory depression, or both, would persist longer than 
hemoglobin oxygen saturation would remain >90%.

After reversal of rocuronium with sugammadex, key find-
ings of these simulations include the following: (1) return 
of neuromuscular function is quicker than with a standard 
dose of succinylcholine. (2) Oxygen saturation decreases 
<90% in <1 minute after 1 minute of preoxygenation and 
between 3 and 4 minutes after 3 minutes of preoxygenation 
in obese and morbidly obese patients. (3) Predictions of loss 
of responsiveness to painful stimuli revealed that the return 
of responsiveness nearly coincides with the onset of hemo-
globin oxygen desaturation in obese and morbidly obese 
patients. (4) Predictions of intolerable ventilatory depres-
sion vary in duration based on BMI. The duration of intoler-
able ventilatory depression after reversal may be as long as  
12 minutes in 5% of individuals regardless of the body 
habitus.

When interpreting the data presented in Figure  5 and 
Table 6, it is clear that the most dangerous conditions are 
when a patient has a loss of responsiveness and intolerable 
ventilatory depression where verbal and/or tactile stimuli 
encouraging the patient to take a deep breath is not feasible. 
Our simulations showed that there is a high probability of 
intolerable ventilatory depression that extends well beyond 
the time when oxygen saturation decreases <90%, espe-
cially in obese and morbidly obese patients. If ventilatory 
rescue is inadequate, oxygen desaturation will persist in 
this group, despite full reversal of neuromuscular blockade.

Attempting antagonism of the rocuronium-induced block 
with sugammadex is not always successful in restoring a 
patent airway and adequate ventilation and oxygenation in 
CICV situations.21,22 In addition, rescue reversal is not with-
out attendant risks. Restoring diaphragmatic activities in the 
presence of an obstructed airway has the potential to result 
in a negative pressure pulmonary edema.23 Furthermore, it 
takes time to prepare 16 mg/kg of sugammadex. A manikin 
study reported that in a CICV scenario, the time to calculate 
the correct dose of the drug and draw it up is 6.7 minutes.24

As we have demonstrated in our simulations, rescue 
reversal in CICV situations does not guarantee the resto-
ration of a patent airway and effective gas exchange.22,24 
Reductions in the FRC and closing capacity (the oxygen 
reserves in the lungs) by approximately 20% occur shortly 
after induction of anesthesia in almost all patients.25,26 
Greater reductions are seen during pregnancy, in obese and 
elderly persons, and in patients with chronic obstructive air-
way disease.26–30 Jense et al.31 concluded that “in morbidly 
obese patients, the time to desaturation is only long enough 
to allow a single attempt at intubation in an emergency 
situation.” Furthermore, in a patient with an obstructed air-
way, the risk of desaturation in the immediate postinduc-
tion period is much greater in obese patients. Alveolar gas 
exchange during apnea (with a patent airway) entails both 
oxygen uptake and linear increase in mixed venous (and 
hence the alveolar) carbon dioxide tension.32 If the airway 
is occluded, the lung volume decreases by the difference 
between the oxygen uptake and the carbon dioxide output.

We wish to emphasize that the speed with which appar-
ently very similar individual patients experience hemoglo-
bin oxygen desaturation during apnea varies widely.33–35 In 
the absence of any neuromuscular-blocking drug, Naguib 

et al.35 demonstrated that 45% of young (mean age approxi-
mately 32 years), ASA physical status I subjects had arte-
rial Spo2 of <90% after an induction consisting of 2 μg/kg  
fentanyl and 2 mg/kg propofol despite preoxygenation to 
an end-tidal oxygen concentration of >90%. Time to spon-
taneous diaphragmatic movement was reestablished after 
2.7 ± 1.2 minutes (mean ± SD). Benumof et al.33 estimated 
in normal adults with 70 kg a best case time interval before 
90% saturation was reached of 8 minutes. Heier et al.34 
found that ≥5 of 12 individuals had saturation <90% within 
10 minutes. Similarly, Stefanutto et al.36 demonstrated that 
an anesthetic induction consisting of propofol 2.0 mg/kg 
and remifentanil 2.0 μg/kg is likely to result in 6 ± 1 min-
utes (mean ± SD) of apnea. In their study, Spo2 decreased 
<80% in 4 of 12 volunteers. In contrast, when the opioid 
component of a propofol induction is reduced to alfentanil 
10 μg/kg, Sørensen et al.4 present evidence in patients with 
normal body habitus that spontaneous respiratory efforts 
commence 3 minutes sooner after a rocuronium/sugamma-
dex sequence than when succinylcholine is used to establish 
neuromuscular block. It appears that after the rocuronium/
sugammadex paradigm, the ability to achieve rapid resump-
tion of spontaneous ventilatory efforts is heavily dependent 
on the initial opioid administered and its dosage.

Anesthesiologists often lower their propofol and fen-
tanyl weight-based doses in obese and morbidly obese 
patients. Dosing these drugs to total body weight can lead 
to unwanted adverse effects from high drug concentrations 
and/or prolonged effects. To mimic this reduced dosing 
behavior, we used a weight scalar, the modified fat-free 
mass, to formulate a proper dose for obese and morbidly 
obese individuals (Table 3). When we used this, our simu-
lations led to similar predicted plasma and effect-site con-
centrations and drug effects in obese and morbidly obese 
individuals when compared with a lean individual.

For simulation purposes, we used total body weight for 
neuromuscular-blocking agents and sugammadex. This 
decision was based on published recommendations to dose 
succinylcholine to total body weight in obese and mor-
bidly obese patients.37 Total body weight also was used for 
rocuronium and sugammadex in this study. Although the 
pharmacokinetics of rocuronium appear not to be altered in 
obese patients,38 in morbidly obese patients, the duration of 
action of rocuronium is significantly prolonged when it is 
dosed according to the total body weight.39 Because sugam-
madex was used in adequate doses in these simulations, the 
choice of a specific weight scalar is not expected to affect 
the results.

Several assumptions were made regarding patient phys-
iology and drug behavior that are difficult to consistently 
mimic through simulation. Interpatient variability and 
unique conditions can lead to markedly different outcomes. 
To explore the potential impact of changes in selected physi-
ologic variables, we simulated how changes in respiratory 
rate, alveolar tidal volume, and inspired oxygen content 
influence the rate of hemoglobin oxygen desaturation. As 
illustrated in Figure 6, subtle changes in Fio2 have a substan-
tial effect, whereas changes in respiratory rate and alveolar 
tidal volume have smaller effects. This may be due to the 
diminishing influence of changes in the respiratory rate and 
alveolar tidal volume after 3 minutes of preoxygenation. 
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Although oxygen delivery to the FRC is reduced, enough 
oxygen is accumulated within 3 minutes to achieve denitro-
genation. These physiologic variables are only a few among 
many that may substantially influence the predictions pre-
sented in our analysis. 

Although our simulations provide a means of exploring 
an important clinical question, their accuracy in predicting 
individual patient behavior is limited. Farmery and Roe40 
have described a model of oxyhemoglobin desaturation in 
the apneic patient. We, however, have not considered the 
effects of apneic oxygenation (oxygen replacement on the 
assumption of an open glottis, and 100% inspired oxygen 
replacing loss of lung volume) in our simulations to have 
conservative estimates by omitting any delay in hypoxia 
that might occur from apneic oxygenation.

In summary, our simulations suggest that after induction of 
anesthesia, rescue reversal of rocuronium with sugammadex 

in the setting of CICV may not render a patient responsive 
or provide immediate return to spontaneous ventilation, 
although it is a significant improvement over the duration 
of spontaneous neuromuscular blockade with succinylcho-
line. In fact, in obese and morbidly obese body sizes, even 
with preoxygenation, by the time reversal is accomplished; 
hemoglobin oxygen saturation is likely to be dangerously 
low. We believe that the clinical management of CICV should 
focus primarily on restoration of airway patency, oxygen-
ation, and ventilation consistent with the American Society 
of Anesthesiologist’s practice guidelines for management of 
the difficult airway.41 Pharmacologic intervention cannot be 
relied upon to rescue patients in a CICV crisis. E
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Figure 6. Simulations exploring how differences in respiratory rate (4–16 breaths/min), inspired oxygen concentration (fraction of inspired 
oxygen [Fio2], 0.2–1.0), and alveolar tidal volume (1–5 mL/kg) during 3 minutes of preoxygenation influence the duration of hemoglobin oxygen 
saturation >90% after apnea for normal (body mass index [BMI] = 26 kg/m2), obese (BMI = 33 kg/2), and morbidly obese (BMI = 45 kg/m2) 
individuals. If not otherwise stated, the respiratory rate was set to 14 breaths/min, the Fio2 set to 0.6, and the alveolar tidal volume set to  
3 mL/kg. Alveolar tidal volume was defined as the anatomic dead space volume subtracted from the tidal volume.
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