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Abstract: The intravenous induction or loading dose in children is commonly prescribed per kilogram.
That dose recognizes the linear relationship between volume of distribution and total body weight.
Total body weight comprises both fat and fat-free mass. Fat mass influences the volume of distribution
and the use of total body weight fails to recognize the impact of fat mass on pharmacokinetics in
children. Size metrics alternative to total body mass (e.g., fat-free and normal fat mass, ideal body
weight and lean body weight) have been proposed to scale pharmacokinetic parameters (clearance,
volume of distribution) for size. Clearance is the key parameter used to calculate infusion rates
or maintenance dosing at steady state. Dosing schedules recognize the curvilinear relationship,
described using allometric theory, between clearance and size. Fat mass also has an indirect influence
on clearance through both metabolic and renal function that is independent of its effects due to
increased body mass. Fat-free mass, lean body mass and ideal body mass are not drug specific and
fail to recognize the variable impact of fat mass contributing to body composition in children, both
lean and obese. Normal fat mass, used in conjunction with allometry, may prove a useful size metric
but computation by clinicians for the individual child is not facile. Dosing is further complicated
by the need for multicompartment models to describe intravenous drug pharmacokinetics and the
concentration effect relationship, both beneficial and adverse, is often poorly understood. Obesity
is also associated with other morbidity that may also influence pharmacokinetics. Dose is best
determined using pharmacokinetic–pharmacodynamic (PKPD) models that account for these varied
factors. These models, along with covariates (age, weight, body composition), can be incorporated
into programmable target-controlled infusion pumps. The use of target-controlled infusion pumps,
assuming practitioners have a sound understanding of the PKPD within programs, provide the best
available guide to intravenous dose in obese children.

Keywords: pharmacokinetics; pharmacodynamics; pediatrics; drug dosing; allometry; obesity; anesthesia

1. Introduction

Total body weight dosing in obese children contributes to dose errors because the
contribution from the fat mass portion of the body composition is not acknowledged.
Although it is recognized that fat mass may influence pharmacokinetic parameters such as
volume of distribution (V) or clearance (CL) [1], that the effect of fat mass is drug-specific [1],
that weight-based dosing is a contributor to dose inaccuracies and that obesity influences
disease processes, there are few practical dose recommendations for obese children [2,3].
A smorgasbord of body weight scalers (e.g., total body weight, body surface area, ideal
body weight, lean body mass, adjusted body weight, body mass index, fat-free mass,
allometry) have been used to determine dose in the obese individual [4]. There is often
confusion as to which metric is best suited for an individual child and that metric may
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change between phases of anesthesia (e.g., lean body mass for propofol induction dose and
total body weight for maintenance dose rate) [5–7]. Consequently, recommendations for
any size scaler are tempered by expert opinion that presumes dose in the obese child will
be determined by better pharmacokinetic understanding [3,8,9].

Total intravenous anesthesia (TIVA) in infants and children has spurred investigation
of pharmacokinetic and pharmacodynamic models to improve dose estimation [10]. At the
heart of pediatric pharmacokinetic models are two covariates, size and age: these account
for major components of parameter (e.g., clearance, volume) variability [11,12]. Size can be
standardized to a 70 kg person using allometric theory [13]; age can be used as a measure
to quantify clearance maturation [14]. These two covariates commonly feature in target-
controlled infusion pumps, allowing the anesthetic practitioner to manually enter this
information into the pump program [15,16]. Body composition, particularly fat mass [17],
is another important covariate in the obese child, but has been poorly investigated [18].

We review the concepts behind dose determination for pediatric anesthesia infusion
and attempt to rationalize the quantification and impact of fat mass on dose determination.

2. Pharmacokinetic Concepts to Determine Dose

The pharmacokinetic parameter volume of distribution (V) is used to determine
the loading dose that achieves a desired target concentration (TC) for a simple one-
compartment model (Equation (1)), while clearance (CL) determines the maintenance
dose or infusion rate (Equation (2)).

Loading Dose = V × TC (1)

Maintenance Dose Rate = CL × TC (2)

Most body weight scalers demonstrate a nonlinear relationship between clearance
and size, a relationship that is evident in both obese and lean individuals [1]. The rate
of clearance increase slows as size increases; consequently dose, when expressed as per
kilogram of total body weight, is invariably excessive. Total body weight is a poor size
scaler and ideal body weight (IBW), which has a non-linear relationship to clearance
(i.e., rate of clearance increase slows as size increases), is currently the only alternative body
weight scaler to total body weight (TBW) [19] mentioned in the British National Formulary
for Children [20]. However, there are five published methods available for calculation [21]
and poor understanding exists of when and how to calculate IBW among clinicians [22].
Further, IBW is not the best scaler for all drugs [9]. Clinicians would be better served to
understand the pharmacokinetic–pharmacodynamic principles that determine dose, rather
than choosing an arbitrary size scaler (e.g., IBW) that is, albeit better than total body weight
that is commonly used to determine a dose that is too big.

Infusion dose for children undergoing intravenous anesthesia is based on the target
concentration strategy [23]. The target concentration is that which achieves a target ef-
fect. Pharmacokinetic parameters are used to determine the dose that achieves a target
concentration (Figure 1) [24]. Covariates such as size, age and organ function influence
pharmacokinetic parameters (CL, V). Fat mass also has an impact on these pharmacoki-
netic parameters, but fat mass is rarely included in dose calculation for either obese or
lean children.



J. Clin. Med. 2023, 12, 1642 3 of 20

J. Clin. Med. 2023, 12, x FOR PEER REVIEW 3 of 20 
 

 

 
Figure 1. Principles behind the target concentration strategy are shown diagrammatically. The 
upper panel shows a concentration response for a drug with sedative properties. The shape of this 
response is determined using the EMAX equation. Light sedation is associated with a bispectral index 
(BIS) of 73. This target effect is associated with a target concentration of 3.7 µg/L. Pharmacokinetic 
knowledge (lower panel) is then used to achieve this target concentration in the effect compartment 
(Ce). A 2-compartment pharmacokinetic model is shown in this example. Concentration in the 
central compartment (Cp) is linked to that in the effect compartment by a rate constant (k1e = keo at 
steady-state). 

Figure 1. Principles behind the target concentration strategy are shown diagrammatically. The
upper panel shows a concentration response for a drug with sedative properties. The shape of this
response is determined using the EMAX equation. Light sedation is associated with a bispectral index
(BIS) of 73. This target effect is associated with a target concentration of 3.7 µg/L. Pharmacokinetic
knowledge (lower panel) is then used to achieve this target concentration in the effect compartment
(Ce). A 2-compartment pharmacokinetic model is shown in this example. Concentration in the
central compartment (Cp) is linked to that in the effect compartment by a rate constant (k1e = keo
at steady-state).

3. Dosing Concepts in the Child

The principles behind dose estimation involve an understanding of the pharmacoki-
netic parameters of clearance and volume. Although these two parameters contribute the
most observed dose variability in children [12], fat mass has an influence on both these
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parameters, even in non-obese individuals. Pharmacokinetic principles for dose in a typical
child require explanation.

3.1. The Association between Weight and Dose

Drugs are commonly dosed per kilogram of total body weight. This is because the
pharmacokinetic parameters (e.g., CL, V) that determine dose are based on size. Once the
impact of size is understood, then other covariate influences (e.g., age related changes,
organ dysfunction or obesity-associated physiology changes) can be evaluated. Drug
dose calculations are commonly made as per kilogram; this assumes a linear relationship
between dose and TBW (Equation (3)).

Dose = DoseSTD × (TBW/WTSTD) (3)

where a standard dose (DoseSTD) is considered appropriate for a person of a standard
weight (WTSTD e.g., 70 kg). However, maintenance doses expressed as mg/kg, as in
Equation (3), are commonly observed to be too small in children when compared to adults.
For example, propofol infusion rates to maintain a target concentration of 3 mg/L are
higher in children than adults [25]. These observations query linear assumptions about
dose and weight and point to why the linear approach is not a suitable general method for
drug dosing in children [6].

Clearance is the key parameter for the determination of maintenance dose. Prediction
using adult human clearance values using the linear per kilogram model results in an
underprediction of more than 10% at body weights less than 47 kg. This underprediction
increases as size decreases and approaches 50% in infants 1–2 years of age (i.e., around
10 kg) [26]. Clearance is commonly reduced in neonates due to lack of maturation of elimina-
tion processes (characterized using age), so dose predictions in babies may be appropriate,
but this is serendipitous rather than supportive of the linear per kilogram model.

3.2. Use of PKPD to Determine Dose

The goal of pharmacological treatment is achievement at a specific target effect. A
pharmacodynamic (PD) model (e.g., EMAX or Hill equation [27], Figure 1) is used to predict
the target concentration known to be associated with a desired target effect. Population
pharmacokinetic (PK) and pharmacodynamic (PD) parameter estimates, as well as covariate
information, are used to predict time concentration and concentration effect values in a
specific patient.

3.2.1. The Target Concentration

The target concentration strategy is used widely to determine drug dose [28,29] in
anesthesia. This approach is used almost instinctively by pediatric anesthesiologists who
use target-controlled infusion systems. These devices target a specific plasma or effect
site concentration in a typical child, and that concentration is assumed to have a typical
target effect (Figure 1). Covariate influences such as patient age or weight are manually
entered into the TCI pump program. Adverse effects are monitored (e.g., bradycardia and
hypotension). The ideal target concentration achieves therapeutic effect (e.g., anesthesia
depth) without untoward adverse effects.

An effect site target concentration has been estimated for many drugs used in anes-
thesia, analgesia and sedation. The relationship between propofol concentration and effect
(bispectral index, BIS) has been used to identify a target concentration of 3 mg/L (3 µg/mL),
and this realizes a BIS therapeutic range of 40–60 in children [30,31]. Concentration–response
relationships for remifentanil [32,33], clonidine [34], sevoflurane [35], acetaminophen [36],
dexmedetomidine [37,38], alphaxalone [39] and albuterol (salbutamol) [40,41] have been
established, enabling target effect and consequent concentration estimation.
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3.2.2. Dose Calculation Using Compartment Models

Dose calculation invariably uses the volume of distribution (V) and clearance (CL) along
with the required target concentration (TC) to achieve the desired effect (Equations (1) and (2)) [42].
A single compartment is often inadequate for characterizing the time concentration profile,
and further compartments are required to describe drug disposition satisfactorily. A drug is
usually administered into a central compartment (V1) and then redistributes to peripheral
compartments (e.g., V2, V3; Figure 1). Calculations used for a one-compartment model
may not be appropriate for many anesthetic drugs that are characterized using multi-
compartment models. The loading dose may be too small if based on V1 for a drug
described using multiple compartments where redistribution is happening during loading
dose administration (e.g., dexmedetomidine) [43]. Pharmacokinetic compartment models
describing drugs administered intravenously often have different estimations of the central
compartment volume [44]. The central volume of distribution estimated using lean children
results in clinicians instinctively overshooting the targeted plasma concentration (Cp), and
this may be unsuitable with obese children using TBW as a size scaler because fat mass is
unaccounted for.

Drug infusion rate at a steady state is determined by clearance, but many drugs used
in anesthesia practice distribute to peripheral compartments and steady state may not be
achieved during infusion duration. Dose adjustment is required to achieve a consistent,
stable concentration associated with its desired effect. Propofol PK, for example, are usually
described using a three-compartment mammillary model. Manual dose regimens require
consecutive rate step downs after defined time intervals to accommodate redistribution
among compartments. These step downs are illustrated by the ‘10-8-6’ rule for propofol
infusion (loading dose of 1 mg/kg followed immediately by an infusion of 10 mg/kg/h
for 10 min, 8 mg/kg/h for the next 10 min and 6 mg/kg/h thereafter) in adults [45].
Similar propofol manual infusion regimens have been described for children [25,30]. Target-
controlled infusion (TCI) pumps make infusion adjustments at 10 s intervals rather than
10 min intervals, enabling fine tuning.

4. Allometry

While total body weight may not be the best size scaler, when pharmacokinetic
parameters are estimated using total body weight with allometry, then it appears to be a
reasonable body scaler for many drugs (e.g., propofol [46]). Use of allometry accounts for
the nonlinear relationship between size and clearance. Allometry describes the relation
between the size of an organism or system and aspects of its morphology, physiology and
life history. The relationship between physiological traits (e.g., metabolic processes) and
structural components (e.g., blood volume) and size has been used to scale pharmacokinetic
parameters. Allometric theory is used to explain the nonlinear relationship between
clearance and size [13,47].

The log of basal metabolic rate plotted against the log of body weight produces a
straight line with a slope of 3

4 across species, with size changes that are 18 orders of
magnitude. Fractal geometry is used to mathematically explain this phenomenon known as
allometry [48,49]. Total drug clearance may be expected to scale to weight with an exponent
of 3

4 (Equation (4)) [50], so that clearance in a child can be predicted from that in an adult of
standard weight 70 kg (WTSTD):

CLchild = CLadult × FAGE × (TBW/WTSTD)
3/4 (4)

Clearance maturation occurs in the first year of life and a function describing this
maturation is required (Figure 2, FAGE) during that period. Propofol clearance in obese
adults [51] and non-obese adults and in children [15,52–55] and in obese children [56] is
best described using allometry with TBW as the size descriptor rather than FFM, LBM or
IBM. Allometry computation is relatively easy for practitioners and can be managed on an
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application of a cellular phone. The only variable required is weight and knowledge of a
standardized clearance in an adult; height is not a required variable.
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Figure 2. Clearance relative to a person of 70 kg total body mass (TBM) is shown using different size
metrics. Children younger than 1 year of age (approx. 10 kg) are not shown because maturation is
incomplete in that cohort. Metrics are standardized to a male with typical height for age and weight
from 10 to 200 kg. A nonlinear relationship exists between weight and clearance for most body
size metrics. The use of the linear per kilogram model, based on TBM, increasingly overestimates
clearance in adults of weight greater than 70 kg. The use of BSA (weight with an exponent of 2/3) and
allometry using an exponent of 3/4 are similar at lower masses but diverge when TBM is greater than
100 kg. Note that the James formula [57] (purple line) fails in adults of short stature with increasing
total body weight [58,59].

Clearance is less than might be expected from total body weight with the linear per
kilogram model and this deviation increases with total body weight. The other body
weight scalers shown in Figure 2 (body surface area, lean body mass, fat-free mass) are also
curvilinear in nature.

5. Size Scalers for the Obese Child

It is understood that 75% of excess weight in obese children is fat mass, and the remain-
der is lean mass [18]. It is thought that increases in fat mass primarily alter distribution
of lipophilic drugs and increases in lean mass alter drug clearance, but there is a lack
of evidence supporting these assumptions for most drugs [18]. Instead of good quality
evidence, investigators have used an assortment of size scalers to empirically explain the
contribution of fat mass for individual drugs [7].

5.1. Size Scaling and Obesity in Anaesthesia

Body fat has minimal metabolic activity, however, fat mass may have an indirect
influence on both metabolic and renal functions that is independent of its effects due to
increased body mass. Obesity is associated with increased morbidity, and this effect that
is independent of body size can influence clearance. This morbidity, exemplified as liver
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dysfunction for example, may influence clearance, volume and protein binding. These
effects of morbidity may appear as differences in body composition even when there is no
clear marker of morbidity. Anesthesia practitioners have used a number of size scalers to
estimate dose in obese individuals.

5.2. Body Mass Index

Body mass index (BMI) is the commonest marker used to define obesity, but it is not
commonly used to predict dose in children because it fails to distinguish between adipose
tissue and lean muscle mass. Further, BMI in children must be interpreted with reference to
age and sex, while percentiles around the median are required to define grades of obesity.

5.3. Lean Body Mass

It has been claimed that lean body mass (LBM) (often used interchangeably with lean
body weight (LBW) and fat-free mass (FFM)) is the optimal size scaler for most drugs used
in anesthesia, including opioids and anesthetic induction agents [7,60–62]. This argument
has also been put forward for drugs used outside of anesthesia with the explicit assumption
that clearance is linearly related to LBM. The use of lean body mass without allometric
scaling appears to be a good predictor of dose for remifentanil [63]. It has also been
proposed to be better than TBW for both propofol infusion and loading dose calculation in
adults [64]. The advantages and merits of using LBM or FFM have been reviewed with the
surprising conclusion that LBM is a good predictor of drug dose for all drugs [65]. This
extension to all drugs remains unproven [9] and back-to-back comparison with other size
scalers has been rarely undertaken. Despite a lack of validation, the LBM size scaler [57]
has been incorporated into some propofol infusion target controlled pumps. The use of
LBM calculated using the James formula [57] results in biologically implausible values
in obese adults of short stature (Figure 2). Methods used prevent excess dose in pumps
used for adults include calculation of a fictitious height [66] or incorporating limits on the
maximum weight allowed by the TCI program [67].

5.4. Fat-Free Mass

Fat-free mass (FFM) is an alternative but similar size metric to LBM. FFM comprises
muscle, bone, vital organs and extracellular fluid, but does not include lipids in CNS,
bone marrow and cell membranes [68,69]. These additional lipids comprise only a small
part of TBM (3% to 5%) and as a result FFM is often used interchangeably with LBM in
clinical practice. One clinical advantage of FFM over LBM is that it avoids failure in obese
individuals of short stature [70–72].

Fat-free mass (FFM) can be predicted from sex, height and total body weight (Equation (5)).

FFM = WHSMAX × HT2 ×
[

TBW/
(

WHS50 × HT2 + TBW
)]

(5)

where WHSMAX is the maximum FFM for any given height (HT, m) and WHS50 is the TBW
value when FFM is half of WHSMAX. For men, WHSMAX is 42.92 kg·m−2 and WHS50 is
30.93 kg·m−2 and for women WHSMAX is 37.99 kg·m−2 and WHS50 is 35.98 kg·m−2 [58].

The extrapolation of the FFM formula developed in adults (Equation (5)) has been
described for children as young as 3 years [73], but does not include neonates and infants.
Fat mass increases over the first 9 months of postnatal life [74] and the impact of body
composition on pharmacokinetics in infants remains unquantified. Girls have an FFM
similar to that predicted from adults based on height, weight and sex. Boys have lower
than predicted FFM until around the onset of puberty when muscle mass increases and
FFM approaches that described in adults. FFM has been proposed as the scaler in a model
for remifentanil that is applicable to both adults and children [16].



J. Clin. Med. 2023, 12, 1642 8 of 20

5.5. Ideal Body Weight

Ideal body weight (IBW) has been recommended as the preferred metric for maintenance dosing
of a number of drugs, e.g., benzodiazepines (diazepam [75], midazolam [76]), morphine [77] and neu-
romuscular blocking drugs, such as vecuronium [78], rocuronium [79,80] and cisatracurium [81].
The relationship between IBW and clearance is certainly curvilinear, but it is not the best
metric for all drugs. The search for the “best” body size predictor has revealed that more
mass than expected from IBW may be required for some drugs. The addition of 40% of
the weight above IBW (the “excess weight”) for propofol infusion calculation has been
suggested [82]. Rocuronium dosing improved when 20% of the excess weight was added
to IBW [79]. The use of IBW for all drugs does not ring true. Clearance of propofol was
best predicted using TBW and allometry [15,30,46,53].

6. A Universal Size Scaler

A simplified formula exists to determine LBM based on the observation that a mean
of 29% of the excess weight carried by an obese child is lean tissue [7,83,84]. This can be
expressed using Equation (6):

LBM = IBM + 0.29 × (TBM − IBM) (6)

A better size scaler would be drug-specific. The size metric common for all drugs
requires recognition of fat-free mass (FFM) and the added contribution from fat mass. Such
a flexible size scaler could be incorporated into dose calculations for use in both manual
and target-controlled infusion devices.

6.1. Normal Fat Mass

Any size scaler must account for fat mass and must be applicable to children of all
weights. There seems little value in using total body weight for children who are lean and
then switching to an alternative size scaler in those children classified as obese. Adding a
fraction of fat mass to FFM has been used to estimate the mass that best describes size based
on allometric scaling theory [42]. This mass has been called normal fat mass (NFM) [85].
Fat mass can be calculated from TBW and FFM (Equation (7)):

FAT = TBW − FFM (7)

Normal fat mass (NFM) is then FFM plus a little bit more. That little bit more is defined
by the parameter Ffat. The fraction of FAT (Ffat) that contributes to the structural (V) or
functional (CL) size is specific to each drug (Equation (8)):

NFM = FFM + Ffat × FAT (8)

If Ffat is estimated to be zero then FFM is the predicted size ideal for dosing calculation
(e.g., remifentanil), while if Ffat is 1 then size is better predicted by TBW (e.g., propofol). The
use of normal fat mass (NFM) based on allometric theory and partition of body mass into
fat and fat-free components provides a principle-based approach applicable to predicting
size and body composition effects on pharmacokinetics of all drugs in children and adults.
NFM requires the determination of Ffat that can be applied to volume or clearance and this
has only been determined for a handful of drugs (Table 1).
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Table 1. Factor of fat (Ffat) estimates for pharmacokinetic parameters of clearance and volume of
distribution for glomerular filtration rate (GFR) and selected drugs that have been investigated.

Ffat
Clearance

Ffat
Volume Source

GFR 0.22 - Neonates to adults, n = 928 [86]

Acetaminophen 0.816 1 Adults 18–49 y, 49–116 kg, n = 116 [87]

Busulfan 0.509 0.203 0.1–66 years, n = 1610 [88]

Dexmedetomidine 0 0.293 Neonates to adults, n = 202 [87]

Dexmedetomidine 0 ** 0

Adults
Obese n = 20, age 18–54 y, Weight 94–152 kg, BMI 36–52 kg·m−2

Lean n = 20, age 18–60 y, Weight 59–97 kg, BMI 23–30 kg·m−2)
[89]

Ethanol 1 (Vmax) 0.39 Adults, n = 108 [90]

Gemcitabine 0 0 Adults, n = 56 [91]

Heparin 0 1 Children 0.5–15 y n = 64 [92]

Ibuprofen 0.863 0.718 Adults 18–49 y, 49–116 kg, n = 116 [87]

Lithium 0 0 Children (n = 61) [93]

Miltefosine 0 0 Children and adults [94]

Oxycodone 1 1 Neonates to adults, n = 237 [95]

Oxypurinol 0 0 Adult patients with gout (n = 92), healthy subjects (n = 12) [96]

Propofol 1 1 Adults obese (n = 19, age 40 SD 8.7 y, Weight 106 SD 18 kg, BMI
39.7 SD 4.1 kg·m−2) and 51 non-obese (n = 51) [46]

Remifentanil
(LBM from [57]) 0 0

Adults 18–60 years, n = 24
Obese 38 SD 8 y, Weight 113 SD 17 kg

Lean 38 SD 7 y, Weight 64 SD 10 kg
[63]

Tacrolimus 0 0 Adult kidney transplant recipients, n = 44 [97]

Warfarin 0 0 Adults, n = 264 [98]

** = Fat mass was associated with reduced clearance, suggesting organ dysfunction associated with obesity
in adults.

A negative value for Ffat suggests organ dysfunction associated with fat, and this
pathology is reported in morbidly obese adults (e.g., fatty liver disease). Dexmedetomidine
was noted to have a negative value for Ffat applied to CL in morbidly obese adults [89].
Although Ffat possibly increases with lipid solubility, this has not yet been demonstrated.
The precision of fat mass estimates when calculated using population modelling estimates
has been questioned because of limited population numbers studied [99].

6.2. Limitations of NFM for IV Dosing

A major limitation of NFM use is that its calculation is impractical in the busy clinical
theater environment; calculation is more complex than FFM or ideal body weight that
pediatricians find onerous [100]. These size scalers will never be used if not programmed
into target-controlled infusion (TCI) pumps. Use without a TCI pump would require a
reference table such as that for dexmedetomidine in Table 2.
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Table 2. Dexmedetomidine infusion rate required to achieve a target effect of bispectral index of 73
in a male child of 6 years of age and height of 115 cm. The target concentration was 1 µg/mL. The
loading dose was administered over 20 min. Subsequent infusion rates were altered at 20 min and
50 min in order to maintain the target concentration. Simulation for rate determination performed
using pharmacokinetic parameters from Morse et al. [87].

20 kg 30 kg 40 kg 50 kg 20 kg 30 kg 40 kg 50 kg

Duration (min) Rate: mg/kg/h Rate mg/h

0–20 2.9 2.58 2.27 2 58.78 77.4 90.9 100
20–50 1.4 1.14 1.00 0.90 28.0 34.2 40.0 45
50–150 1.1 0.89 0.78 0.69 22.4 26.9 31.0 34.4

Table 2 is a simplification and only shows dexmedetomidine (Ffat = 0) dose in four in-
dividuals of similar age but different total body weights. There is no obvious dose trend
that relates dose to increases in weight. Although the per kilogram dose decreases with
increasing weight, we cannot eyeball these doses and claim a 10% dose reduction for each
10 kg weight increase, for example. Tables such as this would be impractical because they
concern only one drug with one age of fixed height. The larger assortments of weights,
heights and ages are not shown, and a large number of charts would be required for each
drug in common usage. Further, dose is titrated down as drug redistributes through com-
partments during infusion [45]. Steady state where clearance determines infusion rate is
not achieved even after 1 h in this example using dexmedetomidine.

The practicing anesthesiologist requires either an accessible hand-held computing
device to make calculations or infusion pumps that are programmed with NFM parameters
to make dose calculation automatic.

7. Application of NFM Principles for TCI to the Obese and Non-Obese Child

Once the impact of fat mass on pharmacokinetic parameters (CL, V) has been evalu-
ated, then those pharmacokinetic parameters can be used in all children, lean or obese. It is
not necessary to change to a different size scaler simply because the patient fulfills criteria
that determine obesity.

7.1. Maintenance/Infusion Dose

The difference in drug clearance between an adult and a child is predictable from
NFM used in conjunction with allometry (Equation (9)):

CLCHILD = CLADULT × (NFMCHILD/NFMADULT)
3/4 (9)

Maintenance dose rates (oral doses or continuous infusions) can be calculated based
on the target concentration (Equation (10)) [101]:

In f usion Dose Rate = Clearance × Target Steady State Concentration (10)

The target concentration in children and adults is often similar [102] and this allows
the relationship between doses in children and adults can be predicted (Equation (11)):

DoseRateCHILD = DoseRateADULT × (NFMCHILD/NFMADULT)
3/4 (11)

7.2. The Dose–Clearance Mismatch Explained

The use of allometry in programmed infusion pumps for anesthetic drugs will correct
for clearance changes with size [103]. Use of NFM with allometry, rather than TBW with
allometry, will result in better programmable pharmacokinetic parameter sets for obese
children. Maintenance dose rates (per kilogram) will be lower in obese children than in
lean children.
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This dose reduction can be demonstrated using a simulation for propofol with the
NFM size descriptor and allometry. Propofol is a drug where Ffat is one (i.e., TBW and NFM
are the same), revealing the pharmacokinetic principles without the additional impact of
fat mass. When propofol is delivered at a set rate (10 mg/kg/h), concentrations are higher
and bispectral index (BIS) is lower in the obese child (6 years 50 kg, BMI 37.81 kg/m2)
compared to the lean child (6 years 20 kg, BMI 15.12 kg/m2). The steady state concentration,
dictated by clearance, is achieved at the same time but there are differences between
concentrations and consequent effect (Figure 3). This is because clearance, expressed as
per kilogram, is lower in the obese child. Dose, expressed as per kilogram, also requires a
similar reduction. Dose reduction, per kilogram, will be similar to the nonlinear changes
in clearance (Figure 2). Use of NFM without allometry would result in a dose that is too
large because the curvilinear nature of clearance changes with size are unaccounted for.
The use of NFM with allometry, irrespective of the value for Ffat, is a better option, since
knowing the Ffat of each different drug allows adaptation of the scaler according to the
drug’s physical properties.
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Figure 3. Propofol time concentration and concentration effect profiles after infusion (10 mg/kg/h)
in a 6-year-old male child of 20 kg, height 115 cm and a 6-year-old child of 50 kg, height 115 cm.
Effect is measured by bispectral index (BIS). Concentrations are higher in the 50 kg child because
clearance is less than that in the 20 kg child.

There is no dose–clearance mismatch. Dose is dictated by clearance. Clearance can be
expressed as a nonlinear function of size using allometry. The size metric is NFM rather
than TBW.

7.3. Loading Dose

An infusion duration of four half-lives is required to reach 93.74% of steady state
plasma concentration (Cp) (Figure 3). Consequently, a loading dose is often used to rapidly
achieve an effect site concentration (Ce) associated with anesthesia. Volume of distribution
is the key parameter used to determine loading dose.
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The volume of distribution of a drug may depend on its physicochemical properties.
There are drugs whose apparent volume of distribution may be independent of fat mass,
e.g., digoxin has similar volumes in obese and non-obese subjects [104]. Some drugs show
no change in disposition with weight loss in obese subjects [105], while others are exten-
sively associated with weight loss (e.g., benzodiazepines such as diazepam [75,106,107]).
Associations between volume of distribution and lipid solubility are poor [85]. Diazepam
has been heralded as an example of a lipid soluble drug with a large volume of distribution.
Although the larger volume of distribution of diazepam in obese adults has been attributed
to its fat solubility [75], a lower diazepam binding inhibitor in obese patients [108] could
also account for this larger volume of distribution because a reduced diazepam binding
inhibitor leads to higher tissue binding.

NFM can be used as the size descriptor for loading dose, but the estimation of Ffat for
volume will differ from that estimated for clearance.

7.3.1. Loading Dose Using a One-Compartment Model

Pharmacokinetic parameter estimates for most drugs used in anesthesia are well
investigated. Use of reported volume of distribution to estimate loading dose is tempered
by several additional considerations. It is the concentration in the effect compartment that
drives response and there is a delay between plasma and effect compartments. In order
to achieve rapid achievement of effect compartment concentration, high concentrations
in plasma are required to ‘drive’ drug into the effect compartment. Those concentrations
in plasma are often associated with adverse effects. In addition, estimates of V1 are
invariably estimated in well children. The impact of fat mass on these estimates is not
commonly assessed.

7.3.2. Loading Dose for an Obese Child

The size scalers predicted to best describe volume of distribution are many and differ
for every drug. A consistent scaler would be normal fat mass. The volume of distribution
can be corrected for normal fat mass where Ffat is a unique parameter for each drug. For
example, the Ffat estimate for remifentanil is 0 [16], while that for propofol is 1 [15,46];
dexmedetomidine has an Ffat of 0.293 [46]. The use of NFM, if Ffat is known, makes
estimation of the loading dose for the obese child easy because the volume of distribution
is known.

However, most drugs used for infusion in anesthesia conform to multicompartment
models. The central volume parameter V1 may be unsuitable to calculate loading dose due
to both uncertainty around its estimation and redistribution to other compartments. Dose
estimation based on V1 may be too low. An alternative volume, the volume of distribution
at steady state (Vss), may result in a dose that is too high.

The loading dose is used to target a concentration at the effect site, not plasma, and
there is a time delay between peak plasma concentration and peak concentration at the
effect site. Multi-compartment models require a volume of distribution that accounts for
dynamic changes in compartments during dosing.

7.3.3. The Volume of Distribution at Maximum Effect

The other pharmacokinetic parameters used to describe disposition (V2, V3, Q2, Q3) in
multicompartment models also influence dose determination. The delay between plasma
and effect site is also part of the dynamic changes that occur during administration of the
loading dose. The time to peak effect (TPEAK) is dependent on clearance and the effect site
equilibration half-time for a one compartment model, but intercompartment clearances
also have influence on TPEAK in multicompartment models. At a submaximal dose, TPEAK
is independent of dose because maximum effect is not reached. At supramaximal doses,
maximal effect will occur earlier than TPEAK and persist for a longer duration because of
the shape of the pharmacodynamic (PD) sigmoidal concentration–response relationship;
the achieved concentration is on the upper flat part of the curve (Emax). The TPEAK concept
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has been used to calculate optimal initial bolus dose [109]. The volume of distribution (Vpe)
at the time of peak effect site concentration (CPEAK) is calculated and used (Equation (12)):

Vpe =
Dose

Concentration(TPEAK)
(12)

Loading dose can then be calculated as (Equation (13)):

Loading Dose = CPEAK × Vpe (13)

The simulations in Figure 4 demonstrate determination of the volume of distribution at
the time of peak effect site concentration (Vpe), i.e., at peak effect. This example considers a
6-year-old 50 kg child given dexmedetomidine 1 µg/kg; clearance and volume parameters
were expressed using NFM with allometry; clearance assumed FFM (Ffat = 0), and Ffat
of 0.293 for V [46]. Clearance (expressed as per kilogram) is lower in the obese child,
TPEAK delayed compared to the child not obese, plasma concentrations higher with lower
BIS scores.
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Figure 4. Estimation of volume of distribution at the time of peak effect (Vpe) in a 6 year old child of
20 kg and of 50 kg given dexmedetomidine 1 µg/kg [109]. Simulation performed using dexmedetomi-
dine pharmacokinetic parameters derived by Morse and colleagues [87]. Dexmedetomidine clearance
was best scaled using FFM and NFM (FfatV = 0.29) for volume of distribution.

7.3.4. Consideration of Adverse Effects

Loading dose estimation can be determined using pharmacokinetic knowledge with
NFM as a scaler. Use of the Vpe parameter allows calculation of a dose that achieves a target
concentration and consequent target effect. However, anesthesia drug dose commonly
results in adverse effects such as hypotension and bradycardia.

Adverse effects occur with rapid infusion of dexmedetomidine. A bolus dose of
dexmedetomidine 0.49 µg/kg IV given over 5 s in children (5–9 years) caused a maximum
median heart rate decrease of 20 beats per minute and a maximum median mean arterial
pressure (MAP) increase of 12.5 mmHg, which happened 100 s after the bolus dose [110].
Dexmedetomidine is commonly administered more slowly over 15–20 min in children
compared to adults (10 min) to maintain cardiovascular stability and avoid rapid change in
blood pressure or pulse.

These relationships between concentration, effect (BIS) and cardiovascular effects
can be illustrated using PKPD simulation to show the physiological effects of rapid and
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slow dexmedetomidine loading dose administration (Figure 5). Parameter estimates for
the PK model were from Morse and colleagues [87]. Pharmacodynamic (PD) models for
blood pressure were from Potts and colleagues [111] and heart rate changes are from
Perez-Guille and colleagues [112]. An adult concentration–sedation model using bispectral
index [38], a measure of anesthesia depth, was used as illustrative of sedation score. The
dexmedetomidine equilibration half-time (T1/2keo) has been estimated as 3–6 min for
sedation effect [37,113] and 9.9 min for centrally mediated vasodilation [111]. Rapid
administration of dexmedetomidine 0.9 µg/kg in a 6-year-old (50 kg, BMI 37.81 kg/m2)
child achieved acceptable sedation but at the cost of rapid pulse rate falls and blood pressure
rises. When infusion time is over 20 min, a larger dose (1.1 µg/kg) is required for the same
level of sedation (BIS 73), but cardiovascular changes are less fluctuant (Figure 5).
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Figure 5. Simulation of hemodynamic adverse effects when dexamethasone is given intravenously to
a 6-year-old child (20 kg). Drug in the upper panel was administered as a rapid bolus 0. 9 µg/kg.
The lower panel shows hemodynamic changes after a larger loading dose of 1.1 µg/kg delivered
as an infusion over 20 min. A similar level of sedation (BIS 73) is achieved at 20 min but the slow
infusion is without the dramatic changes in heart rate and mean arterial blood pressure observed
after rapid infusion.
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8. Practical Considerations

There is a curvilinear relationship between clearance and weight. Infusion doses
should reflect that relationship. Ideal body weight has been proposed as an appropriate
size scaler for use in obese children. However, IBW calculation is not easy, and although it
may describe a curvilinear relationship with clearance, it is neither drug-specific nor does
it distinguish between clearance or volume.

The use of allometric scaling is a better option. Although calculation of allometric total
body mass (TBM) or FFM (Equations (4) and (5)) is not something that is performed by most
practitioners using mental arithmetic, tables such as Table 3 could be made accessible in the
operating room. These computed masses (TBM representing Ffat 1 and FFM representing
Ffat 0), corrected using allometric 3/4 exponent scaling, could be substituted for actual
total body weight in a manual infusion pump to predict clearance in the individual child.
Both size scalers (TBM and FFM) have larger calculated masses than TBW in children to
compensate for increased clearance (when expressed as per kilogram) and a lesser mass in
those larger individuals, consistent with the curvilinear nature of clearance changes with
weight (Figure 2). There remain difficulties with the use of such tables. Body composition
in children differs from adults and drugs may not conform to use of TBM (e.g., propofol) or
FFM (e.g., remifentanil); most drugs require a size standard somewhere in between, and
the Ffat value (Equation (8)) remains unknown.

Table 3. Allometric scaling for Fat-Free Mass and Total Body Mass.

Mass Scaled Using Allometry

Total Body Weight (kg) Total Body Mass (kg) Fat-Free Mass (kg)

10 16.3 15.8
20 27.4 28.0
30 37.1 37.8
40 46.0 47.0
50 54.4 55.6
60 62.4 62.8
70 70.0 70.0
80 77.4 76.6
90 84.5 82.8

100 91.5 88.7
110 98.3 94.2
120 104.9 99.5
140 117.7 109.3
160 130.1 118.2
180 142.1 126.5
200 153.8 134.1

Fat mass has influence on both clearance and volume and fat mass is present in
children, even those who are lean. Body composition changes with age, as does the
fat mass [74]. The definition of obesity in children is based on body mass index (BMI)
changes with age (Growth Charts—Clinical Growth Charts (cdc.gov)). The BMI index
is less in childhood than infancy. There is a nadir at 6–7 years and it increases with
subsequent age. While adult obesity might be classified a grade 1 (BMI > 30 kg/m2), grade 2
(BMI > 35 kg/m2) and grade 3 (BMI > 40 kg/m2), child obesity is graded depending on the
percentile above the median for that particular age group; overweight (>85th percentile),
obese (>95th percentile) and severely obese (120% of 95th percentile or >35 kg/m2). A
crude but practical method to determine a size scaler that uses readily measured variables
(total body weight and height) might be a calculated weight for the pump that comprises:

(A) Overweight: use total body weight less 5%
(B) Obese: use total body weight less 10%
(C) Severely obese: use total body weight less 20%
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This simplification enables the use of total body weight only and maintains the curvi-
linear relationship between weight and clearance. This scaling is superior to current
linear per kilogram calculations and appears reasonable for anesthesia infusion, but it is
only acceptable because current predicted concentrations and effect measures have large
between-subject variability [29,30]. Cerebral monitoring using processed EEG is commonly
used to guide dose because of this known PKPD variability.

9. Conclusions

It is clear that the dose (mg/kg) in children with obesity is less than that presumed
using linear scaling. Loading dose remains difficult to predict. PKPD modelling can be
used to predict dose in obese children. PKPD models can be used to consider adverse
effects after rapid infusion and suggest changes to infusion rate. However, there are other
factors not considered: cardiac output, disease states, patient anxiety. Drug interactions
(e.g., propofol and midazolam) also influence each other drug’s pharmacokinetic and phar-
macodynamic response [114,115]. The anecdote of the classic examination question asked
of anesthesia examination candidates ‘What dose of thiopentone?’ has a real sting in its
scorpion-like tale.

Expert opinion continues to presume that the dose in the obese child will be deter-
mined by pharmacokinetic understanding [3,8]. While this opinion is certainly valid, there
are a number of thorns on this rose of an opinion. Anesthetic drug pharmacokinetics
and pharmacodynamics of many drugs used in children have been clarified and the use
of NFM as a size scaler has merit, but the computations required to calculate dose in
obese, or even non-obese, children are beyond most clinicians. The implementation of
target-controlled infusion pumps that are programmable with these models (equations)
enables better dosing in the obese. Models for propofol [15], remifentanil [16], dexmedeto-
midine [87], acetaminophen [116] and ibuprofen [116] incorporate both allometry and NFM
and can be programmed into TCI pumps. Until NFM is defined for other drugs, the use of
TBW with allometry captures the decreasing per kilogram dose with increasing size.

Author Contributions: All authors contributed to conceptualization, methodology, formal analysis,
and writing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical approval was not required.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Greenblatt, D.J.; Bruno, C.D.; Harmatz, J.S.; Zhang, Q.; Chow, C.R. Drug Disposition in Subjects With Obesity: The Research Work

of Darrell R. Abernethy. J. Clin. Pharmacol. 2022, 62, 1350–1363. [CrossRef]
2. Matson, K.L.; Horton, E.R.; Capino, A.C. Medication Dosage in Overweight and Obese Children. J. Pediatr. Pharmacol. Ther. 2017,

22, 81–83. [CrossRef]
3. Kendrick, J.G.; Carr, R.R.; Ensom, M.H. Pharmacokinetics and drug dosing in obese children. J. Pediatr. Pharmacol. Ther. 2010, 15,

94–109. [CrossRef]
4. Anderson, B.J.; Holford, N.H. What is the best size predictor for dose in the obese child? Pediatr. Anesth. 2017, 27, 1176–1184.

[CrossRef]
5. Casati, A.; Putzu, M. Anesthesia in the obese patient: Pharmacokinetic considerations. J. Clin. Anesth. 2005, 17, 134–145.

[CrossRef]
6. Mulla, H.; Johnson, T.N. Dosing dilemmas in obese children. Arch. Dis. Child. Educ. Pract. Ed. 2010, 95, 112–117. [CrossRef]
7. Mortensen, A.; Lenz, K.; Abildstrom, H.; Lauritsen, T.L. Anesthetizing the obese child. Paediatr. Anaesth. 2011, 21, 623–629.

[CrossRef]
8. Gaeta, F.; Conti, V.; Pepe, A.; Vajro, P.; Filippelli, A.; Mandato, C. Drug dosing in children with obesity: A narrative updated

review. Ital. J. Pediatr. 2022, 48, 168. [CrossRef]

http://doi.org/10.1002/jcph.2093
http://doi.org/10.5863/1551-6776-22.1.81
http://doi.org/10.5863/1551-6776-15.2.94
http://doi.org/10.1111/pan.13272
http://doi.org/10.1016/j.jclinane.2004.01.009
http://doi.org/10.1136/adc.2009.163055
http://doi.org/10.1111/j.1460-9592.2011.03559.x
http://doi.org/10.1186/s13052-022-01361-z


J. Clin. Med. 2023, 12, 1642 17 of 20

9. Anderson, B.J.; Holford, N.H. Getting the dose right for obese children. Arch. Dis. Child. 2017, 102, 54–55. [CrossRef]
10. Morse, J.D.; Cortinez, L.I.; Anderson, B.J. Pharmacokinetic Pharmacodynamic Modelling Contributions to Improve Paediatric

Anaesthesia Practice. J. Clin. Med. 2022, 11, 3009. [CrossRef]
11. Holford, N.; Heo, Y.A.; Anderson, B. A pharmacokinetic standard for babies and adults. J. Pharm. Sci. 2013, 102, 2941–2952.

[CrossRef]
12. Anderson, B.J. My child is unique; the pharmacokinetics are universal. Pediatr. Anesth. 2012, 22, 530–538. [CrossRef]
13. Anderson, B.J.; Meakin, G.H. Scaling for size: Some implications for paediatric anaesthesia dosing. Paediatr. Anaesth. 2002, 12,

205–219. [CrossRef]
14. Anderson, B.J.; Holford, N.H. Mechanistic basis of using body size and maturation to predict clearance in humans. Drug Metab.

Pharmacokinet. 2009, 24, 25–36. [CrossRef]
15. Eleveld, D.J.; Proost, J.H.; Cortinez, L.I.; Absalom, A.R.; Struys, M.M. A general purpose pharmacokinetic model for propofol.

Anesth. Analg. 2014, 118, 1221–1237. [CrossRef]
16. Eleveld, D.J.; Proost, J.H.; Vereecke, H.; Absalom, A.R.; Olofsen, E.; Vuyk, J.; Struys, M. An allometric model of remifentanil

pharmacokinetics and pharmacodynamics. Anesthesiology 2017, 126, 1005–1018. [CrossRef]
17. Al-Sallami, H.S.; Goulding, A.; Grant, A.; Taylor, R.; Holford, N.; Duffull, S.B. Prediction of Fat-Free Mass in Children. Clin.

Pharmacokinet. 2015, 54, 1169–1178. [CrossRef]
18. Ghobadi, C.; Johnson, T.N.; Aarabi, M.; Almond, L.M.; Allabi, A.C.; Rowland-Yeo, K.; Jamei, M.; Rostami-Hodjegan, A.

Application of a systems approach to the bottom-up assessment of pharmacokinetics in obese patients: Expected variations in
clearance. Clin. Pharmacokinet. 2011, 50, 809–822. [CrossRef]

19. Appelbaum, N.; Rodriguez-Gonzalvez, C.; Clarke, J. Ideal body weight in the precision era: Recommendations for prescribing in
obesity require thought for computer-assisted methods. Arch. Dis. Child. 2020, 105, 516. [CrossRef]

20. BMJ Group and Royal Pharmaceutical Society. British National Formulary for Children; Pharmaceutical Press: London, UK, 2020.
21. Moylan, A.; Appelbaum, N.; Clarke, J.; Feather, C.; Tairraz, A.F.; Maconochie, I.; Darzi, A. Assessing the Agreement of 5 Ideal Body

Weight Calculations for Selecting Medication Dosages for Children With Obesity. JAMA Pediatr. 2019, 173, 597–598. [CrossRef]
22. Collier, H.; Nasim, M.; Gandhi, A. Prescribing in obese children: How good are paediatricians? Arch. Dis. Child. 2017, 102, 61–62.

[CrossRef]
23. Holford, N.H.G. The target concentration approach to clinical drug development. Clin. Pharmacokinet. 1995, 29, 287–291.

[CrossRef]
24. Holford, N.H.G.; Sheiner, L.B. Understanding the dose-effect relationship: Clinical application of pharmacokinetic-

pharmacodynamic models. Clin. Pharmacokinet. 1981, 6, 429–453. [CrossRef]
25. McFarlan, C.S.; Anderson, B.J.; Short, T.G. The use of propofol infusions in paediatric anaesthesia: A practical guide. Paediatr.

Anaesth. 1999, 9, 209–216. [CrossRef]
26. Holford, N.H.G. A size standard for pharmacokinetics. Clin. Pharmacokinet. 1996, 30, 329–332. [CrossRef]
27. Schnider, T.W.; Minto, C.F.; Shafer, S.L.; Gambus, P.L.; Andresen, C.; Goodale, D.B.; Youngs, E.J. The influence of age on propofol

pharmacodynamics. Anesthesiology 1999, 90, 1502–1516. [CrossRef]
28. Matthews, I.; Kirkpatrick, C.; Holford, N. Quantitative justification for target concentration intervention—Parameter variability

and predictive performance using population pharmacokinetic models for aminoglycosides. Br. J. Clin. Pharmacol. 2004, 58, 8–19.
[CrossRef]

29. Holford, N.; Ma, G.; Metz, D. TDM is dead. Long live TCI! Br. J. Clin. Pharmacol. 2022, 88, 1406–1413. [CrossRef]
30. Morse, J.; Hannam, J.A.; Cortinez, L.I.; Allegaert, K.; Anderson, B.J. A manual propofol infusion regimen for neonates and infants.

Pediatr. Anesth. 2019, 29, 907–914. [CrossRef]
31. Fuentes, R.; Cortinez, L.I.; Contreras, V.; Ibacache, M.; Anderson, B.J. Propofol pharmacokinetic and pharmacodynamic profile

and its electroencephalographic interaction with remifentanil in children. Pediatr. Anesth. 2018, 28, 1079–1085. [CrossRef]
32. Standing, J.F.; Hammer, G.B.; Sam, W.J.; Drover, D.R. Pharmacokinetic-pharmacodynamic modeling of the hypotensive effect of

remifentanil in infants undergoing cranioplasty. Pediatr. Anesth. 2010, 20, 7–18. [CrossRef]
33. Anderson, B.J.; Holford, N.H. Leaving no stone unturned, or extracting blood from stone? Pediatr. Anesth. 2010, 20, 1–6. [CrossRef]
34. Hayden, J.C.; Bardol, M.; Doherty, D.R.; Dawkins, I.; Healy, M.; Breatnach, C.V.; Gallagher, P.J.; Cousins, G.; Standing, J.F.

Optimising clonidine dosage for sedation in mechanically ventilated children: A pharmacokinetic simulation study. Pediatr.
Anaesth. 2019, 2019, 1002–1010. [CrossRef]

35. Olofsen, E.; Dahan, A. The dynamic relationship between end-tidal sevoflurane and isoflurane concentrations and bispectral
index and spectral edge frequency of the electroencephalogram. Anesthesiology 1999, 90, 1345–1353. [CrossRef]

36. Anderson, B.J.; Woollard, G.A.; Holford, N.H. Acetaminophen analgesia in children: Placebo effect and pain resolution after
tonsillectomy. Eur. J. Clin. Pharmacol. 2001, 57, 559–569. [CrossRef]

37. Li, A.; Yuen, V.M.; Goulay-Dufay, S.; Sheng, Y.; Standing, J.F.; Kwok, P.C.L.; Leung, M.K.M.; Leung, A.S.; Wong, I.C.K.; Irwin, M.G.
Pharmacokinetic and pharmacodynamic study of intranasal and intravenous dexmedetomidine. Br. J. Anaesth. 2018, 120, 960–968.
[CrossRef]

38. Colin, P.J.; Hannivoort, L.N.; Eleveld, D.J.; Reyntjens, K.; Absalom, A.R.; Vereecke, H.E.M.; Struys, M. Dexmedetomidine
pharmacokinetic-pharmacodynamic modelling in healthy volunteers: 1. Influence of arousal on bispectral index and sedation.
Br. J. Anaesth. 2017, 119, 200–210. [CrossRef]

http://doi.org/10.1136/archdischild-2016-311696
http://doi.org/10.3390/jcm11113009
http://doi.org/10.1002/jps.23574
http://doi.org/10.1111/j.1460-9592.2011.03788.x
http://doi.org/10.1046/j.1460-9592.2002.00616.x
http://doi.org/10.2133/dmpk.24.25
http://doi.org/10.1213/ANE.0000000000000165
http://doi.org/10.1097/ALN.0000000000001634
http://doi.org/10.1007/s40262-015-0277-z
http://doi.org/10.2165/11594420-000000000-00000
http://doi.org/10.1136/archdischild-2019-318370
http://doi.org/10.1001/jamapediatrics.2019.0379
http://doi.org/10.1136/archdischild-2016-310603
http://doi.org/10.2165/00003088-199529050-00001
http://doi.org/10.2165/00003088-198106060-00002
http://doi.org/10.1046/j.1460-9584.1999.00364.x
http://doi.org/10.2165/00003088-199630050-00001
http://doi.org/10.1097/00000542-199906000-00003
http://doi.org/10.1111/j.1365-2125.2004.02114.x
http://doi.org/10.1111/bcp.14434
http://doi.org/10.1111/pan.13706
http://doi.org/10.1111/pan.13486
http://doi.org/10.1111/j.1460-9592.2009.03174.x
http://doi.org/10.1111/j.1460-9592.2009.03179.x
http://doi.org/10.1111/pan.13715
http://doi.org/10.1097/00000542-199905000-00019
http://doi.org/10.1007/s002280100367
http://doi.org/10.1016/j.bja.2017.11.100
http://doi.org/10.1093/bja/aex085


J. Clin. Med. 2023, 12, 1642 18 of 20

39. Goodchild, C.S.; Serrao, J.M.; Sear, J.W.; Anderson, B.J. Pharmacokinetic and pharmacodynamic analysis of afaxalone administered
as a bolus intravenous injection of phaxan in a phase 1 randomized trial. Anesth. Analg. 2020, 130, 704–714. [CrossRef]

40. Sottas, C.E.; Anderson, B.J.; Holford, N.H. Salbutamol has rapid onset pharmacodynamics as a bronchodilator. Acta Anaesthesiol.
Scand. 2016, 60, 1328–1331. [CrossRef]

41. Walsh, S.; Pan, S.; Sheng, Y.; Kloprogge, F.; Standing, J.F.; Anderson, B.J.; Ramnarayan, P.; Group, O.S. Optimising intravenous
salbutamol in children: A phase 2 study. Arch. Dis. Child. 2022. [CrossRef]

42. Anderson, B.J.; Holford, N.H. Understanding dosing: Children are small adults, neonates are immature children. Arch. Dis. Child.
2013, 98, 737–744. [CrossRef]

43. Morse, J.D.; Cortinez, L.I.; Anderson, B.J. Estimation of the loading dose for target-controlled infusion of dexmedetomidine.
Reply to Eleveld et al. Comment on “Morse et al. A Universal Pharmacokinetic Model for Dexmedetomidine in Children and
Adults. J. Clin. Med. 2020, 9, 3480”. J. Clin. Med. 2021, 10, 3004. [CrossRef]

44. Anderson, B.J.; Hodkinson, B. Are there still limitations for the use of target-controlled infusion in children? Curr. Opin.
Anaesthesiol. 2010, 23, 356–362. [CrossRef]

45. Roberts, F.L.; Dixon, J.; Lewis, G.T.; Tackley, R.M.; Prys Roberts, C. Induction and maintenance of propofol anaesthesia. A manual
infusion scheme. Anaesthesia 1988, 43, 14–17. [CrossRef]

46. Cortinez, L.I.; Anderson, B.J.; Penna, A.; Olivares, L.; Munoz, H.R.; Holford, N.H.; Struys, M.M.; Sepulveda, P. Influence of obesity
on propofol pharmacokinetics: Derivation of a pharmacokinetic model. Br. J. Anaesth. 2010, 105, 448–456. [CrossRef]

47. Anderson, B.J.; McKee, A.D.; Holford, N.H. Size, myths and the clinical pharmacokinetics of analgesia in paediatric patients. Clin.
Pharmacokinet. 1997, 33, 313–327. [CrossRef]

48. West, G.B.; Brown, J.H.; Enquist, B.J. A general model for the origin of allometric scaling laws in biology. Science 1997, 276,
122–126. [CrossRef]

49. Anderson, B.J.; Holford, N.H. Mechanism-based concepts of size and maturity in pharmacokinetics. Annu. Rev. Pharmacol. Toxicol.
2008, 48, 303–332. [CrossRef]

50. Gonzalez-Sales, M.; Holford, N.; Bonnefois, G.; Desrochers, J. Wide size dispersion and use of body composition and maturation
improves the reliability of allometric exponent estimates. J. Pharmacokinet. Pharmacodyn. 2022, 49, 151–165. [CrossRef]

51. Cortinez, L.I.; Sepulveda, P.; Rolle, A.; Cottin, P.; Guerrini, A.; Anderson, B.J. Effect-Site Target-Controlled Infusion in the Obese:
Model Derivation and Performance Assessment. Anesth. Analg. 2018, 127, 865–872. [CrossRef]

52. Schuttler, J.; Ihmsen, H. Population pharmacokinetics of propofol: A multicenter study. Anesthesiology 2000, 92, 727–738.
[CrossRef]

53. Diepstraten, J.; Chidambaran, V.; Sadhasivam, S.; Esslinger, H.R.; Cox, S.L.; Inge, T.H.; Knibbe, C.A.; Vinks, A.A. Propofol
clearance in morbidly obese children and adolescents: Influence of age and body size. Clin. Pharmacokinet. 2012, 51, 543–551.
[CrossRef]

54. Eleveld, D.J.; Colin, P.; Absalom, A.R.; Struys, M. Pharmacokinetic-pharmacodynamic model for propofol for broad application
in anaesthesia and sedation. Br. J. Anaesth. 2018, 120, 942–959. [CrossRef]

55. Eleveld, D.J.; Proost, J.H.; Absalom, A.R.; Struys, M.M. Obesity and allometric scaling of pharmacokinetics. Clin. Pharmacokinet.
2011, 50, 751–753; discussion 755–756. [CrossRef]

56. Chidambaran, V.; Venkatasubramanian, R.; Sadhasivam, S.; Esslinger, H.; Cox, S.; Diepstraten, J.; Fukuda, T.; Inge, T.; Knibbe,
C.A.; Vinks, A.A. Population pharmacokinetic-pharmacodynamic modeling and dosing simulation of propofol maintenance
anesthesia in severely obese adolescents. Pediatr. Anesth. 2015, 25, 911–923. [CrossRef]

57. James, W. Research on Obesity; Her Majesty’s Stationary Office: London, UK, 1976.
58. Janmahasatian, S.; Duffull, S.B.; Ash, S.; Ward, L.C.; Byrne, N.M.; Green, B. Quantification of lean bodyweight. Clin. Pharmacokinet.

2005, 44, 1051–1065. [CrossRef]
59. Du Bois, D.; Du Bois, E.F. Clinical calorimetry: Tenth paper. A formula to estimate the approximate surface area if height and

weight be known. Arch. Intern. Med. 1916, 17, 863–871. [CrossRef]
60. Ingrande, J.; Lemmens, H.J. Dose adjustment of anaesthetics in the morbidly obese. Br. J. Anaesth. 2010, 105 (Suppl. 1), i16–i23.

[CrossRef]
61. Lemmens, H.J. Perioperative pharmacology in morbid obesity. Curr. Opin. Anaesthesiol. 2010, 23, 485–491. [CrossRef]
62. Scherrer, P.D.; Mallory, M.M.; Cravero, J.P.; Lowrie, L.; Hertzog, J.H.; Berkenbosch, J.W. The impact of obesity on pediatric

procedural sedation-related outcomes: Results from the Pediatric Sedation Research Consortium. Paediatr. Anaesth. 2015, 25,
689–697. [CrossRef]

63. Egan, T.D.; Huizinga, B.; Gupta, S.K.; Jaarsma, R.L.; Sperry, R.J.; Yee, J.B.; Muir, K.T. Remifentanil pharmacokinetics in obese
versus lean patients. Anesthesiology 1998, 89, 562–573. [CrossRef]

64. Ingrande, J.; Brodsky, J.B.; Lemmens, H.J. Lean body weight scalar for the anesthetic induction dose of propofol in morbidly
obese subjects. Anesth. Analg. 2011, 113, 57–62. [CrossRef]

65. Morgan, D.J.; Bray, K.M. Lean Body Mass as a Predictor of Drug Dosage. Clin. Pharmacokinet. 1994, 26, 292–307. [CrossRef]
66. La Colla, L.; Albertin, A.; La Colla, G. Pharmacokinetic model-driven remifentanil administration in the morbidly obese: The

‘critical weight’ and the ‘fictitious height’, a possible solution to an unsolved problem? Clin. Pharmacokinet. 2009, 48, 397–398.
[CrossRef]

67. Bouillon, T.; Shafer, S.L. Does size matter? Anesthesiology 1998, 89, 557–560. [CrossRef]

http://doi.org/10.1213/ANE.0000000000004204
http://doi.org/10.1111/aas.12769
http://doi.org/10.1136/archdischild-2022-324008
http://doi.org/10.1136/archdischild-2013-303720
http://doi.org/10.3390/jcm10143004
http://doi.org/10.1097/ACO.0b013e32833938db
http://doi.org/10.1111/j.1365-2044.1988.tb09061.x
http://doi.org/10.1093/bja/aeq195
http://doi.org/10.2165/00003088-199733050-00001
http://doi.org/10.1126/science.276.5309.122
http://doi.org/10.1146/annurev.pharmtox.48.113006.094708
http://doi.org/10.1007/s10928-021-09788-3
http://doi.org/10.1213/ANE.0000000000002814
http://doi.org/10.1097/00000542-200003000-00017
http://doi.org/10.1007/BF03261930
http://doi.org/10.1016/j.bja.2018.01.018
http://doi.org/10.2165/11594080-000000000-00000
http://doi.org/10.1111/pan.12684
http://doi.org/10.2165/00003088-200544100-00004
http://doi.org/10.1001/archinte.1916.00080130010002
http://doi.org/10.1093/bja/aeq312
http://doi.org/10.1097/ACO.0b013e32833b0a8c
http://doi.org/10.1111/pan.12627
http://doi.org/10.1097/00000542-199809000-00004
http://doi.org/10.1213/ANE.0b013e3181f6d9c0
http://doi.org/10.2165/00003088-199426040-00005
http://doi.org/10.2165/00003088-200948060-00005
http://doi.org/10.1097/00000542-199809000-00002


J. Clin. Med. 2023, 12, 1642 19 of 20

68. Keys, A.; Brozek, J. Body fat in adult man. Physiol. Rev. 1953, 33, 245–325. [CrossRef]
69. Lohman, T.G. Skinfolds and body density and their relation to body fatness: A review. Hum. Biol. 1981, 53, 181–225.
70. Duffull, S.B.; Dooley, M.J.; Green, B.; Poole, S.G.; Kirkpatrick, C.M. A standard weight descriptor for dose adjustment in the obese

patient. Clin. Pharmacokinet. 2004, 43, 1167–1178. [CrossRef]
71. Green, B.; Duffull, S.B. What is the best size descriptor to use for pharmacokinetic studies in the obese? Br. J. Clin. Pharmacol.

2004, 58, 119–133. [CrossRef]
72. Han, P.Y.; Duffull, S.B.; Kirkpatrick, C.M.; Green, B. Dosing in obesity: A simple solution to a big problem. Clin. Pharmacol. Ther.

2007, 82, 505–508. [CrossRef]
73. Sinha, J.; Duffull, S.B.; Al-Sallami, H.S. A Review of the Methods and Associated Mathematical Models Used in the Measurement

of Fat-Free Mass. Clin. Pharmacokinet. 2018, 57, 781–795. [CrossRef]
74. Friis-Hansen, B. Body composition during growth. In vivo measurements and biochemical data correlated to differential

anatomical growth. Pediatrics 1971, 47 (Suppl. 2), 264–274.
75. Abernethy, D.R.; Greenblatt, D.J.; Divoll, M.; Shader, R.I. Prolonged accumulation of diazepam in obesity. J. Clin. Pharmacol. 1983,

23, 369–376. [CrossRef]
76. Whitwam, J.G. Flumazenil and midazolam in anaesthesia. Acta Anaesthesiol. Scand. Suppl. 1995, 108, 15–22. [CrossRef]
77. Choi, Y.K.; Brolin, R.E.; Wagner, B.K.; Chou, S.; Etesham, S.; Pollak, P. Efficacy and safety of patient-controlled analgesia for

morbidly obese patients following gastric bypass surgery. Obes. Surg. 2000, 10, 154–159. [CrossRef]
78. Schwartz, A.E.; Matteo, R.S.; Ornstein, E.; Halevy, J.D.; Diaz, J. Pharmacokinetics and pharmacodynamics of vecuronium in the

obese surgical patient. Anesth. Analg. 1992, 74, 515–518. [CrossRef]
79. Meyhoff, C.S.; Lund, J.; Jenstrup, M.T.; Claudius, C.; Sorensen, A.M.; Viby-Mogensen, J.; Rasmussen, L.S. Should dosing of

rocuronium in obese patients be based on ideal or corrected body weight? Anesth. Analg. 2009, 109, 787–792. [CrossRef]
80. Leykin, Y.; Pellis, T.; Lucca, M.; Lomangino, G.; Marzano, B.; Gullo, A. The pharmacodynamic effects of rocuronium when dosed

according to real body weight or ideal body weight in morbidly obese patients. Anesth. Analg. 2004, 99, 1086–1089. [CrossRef]
81. Leykin, Y.; Pellis, T.; Lucca, M.; Lomangino, G.; Marzano, B.; Gullo, A. The effects of cisatracurium on morbidly obese women.

Anesth. Analg. 2004, 99, 1090–1094. [CrossRef]
82. Servin, F.; Farinotti, R.; Haberer, J.P.; Desmonts, J.M. Propofol infusion for maintenance of anesthesia in morbidly obese patients

receiving nitrous oxide. A clinical and pharmacokinetic study. Anesthesiology 1993, 78, 657–665. [CrossRef]
83. Forbes, G.B.; Welle, S.L. Lean body mass in obesity. Int. J. Obes. 1983, 7, 99–107.
84. Smith, H.L.; Meldrum, D.J.; Brennan, L.J. Childhood obesity: A challenge for the anaesthetist? Paediatr. Anaesth. 2002, 12, 750–761.

[CrossRef]
85. Holford, N.H.G.; Anderson, B.J. Allometric size: The scientific theory and extension to normal fat mass. Eur. J. Pharm. Sci. 2017,

109, S59–S64. [CrossRef]
86. Rhodin, M.M.; Anderson, B.J.; Peters, A.M.; Coulthard, M.G.; Wilkins, B.; Cole, M.; Chatelut, E.; Grubb, A.; Veal, G.J.; Keir, M.J.;

et al. Human renal function maturation: A quantitative description using weight and postmenstrual age. Pediatr. Nephrol. 2009,
24, 67–76. [CrossRef]

87. Morse, J.D.; Cortinez, L.I.; Anderson, B.J. A universal pharmacokinetic model for dexmedetomidine in children and adults.
J. Clin. Med. 2020, 9, 3480. [CrossRef]

88. McCune, J.S.; Bemer, M.J.; Barrett, J.S.; Scott Baker, K.; Gamis, A.S.; Holford, N.H.G. Busulfan in infant to adult hematopoietic cell
transplant recipients: A population pharmacokinetic model for initial and bayesian dose personalization. Clin. Cancer Res. 2014,
20, 754–763. [CrossRef]

89. Cortinez, L.I.; Anderson, B.J.; Holford, N.H.; Puga, V.; de la Fuente, N.; Auad, H.; Solari, S.; Allende, F.A.; Ibacache, M.
Dexmedetomidine pharmacokinetics in the obese. Eur. J. Clin. Pharmacol. 2015, 71, 1501–1508. [CrossRef]

90. Holford, N.; Jiang, Y.; Murry, D.J.; Brown, T.L.; Milavetz, G. The influence of body composition on ethanol pharmacokinetics
using a rate dependent extraction model. In Proceedings of the PAGE, Lisbon, Portugal; 2015; p. Abstr 3405. Available online:
www.page-meeting.org/?abstract=3405 (accessed on 11 January 2023).

91. Tham, L.S.; Wang, L.Z.; Soo, R.A.; Lee, H.S.; Lee, S.C.; Goh, B.C.; Holford, N.H. Does saturable formation of gemcitabine
triphosphate occur in patients? Cancer Chemother. Pharmacol. 2008, 63, 55–64. [CrossRef]

92. Al-Sallami, H.; Newall, F.; Monagle, P.; Ignjatovic, V.; Cranswick, N.; Duffull, S. Development of a population pharmacokinetic-
pharmacodynamic model of a single bolus dose of unfractionated heparin in paediatric patients. Br. J. Clin. Pharmacol. 2016, 82,
178–184. [CrossRef]

93. Landersdorfer, C.B.; Findling, R.L.; Frazier, J.A.; Kafantaris, V.; Kirkpatrick, C.M. Lithium in paediatric patients with bipolar
disorder: Implications for selection of dosage regimens via population pharmacokinetics/pharmacodynamics. Clin. Pharmacokinet.
2016, 56, 77–90. [CrossRef]

94. Dorlo, T.P.; Huitema, A.D.; Beijnen, J.H.; de Vries, P.J. Optimal dosing of miltefosine in children and adults with visceral
leishmaniasis. Antimicrob. Agents Chemother. 2012, 56, 3864–3872. [CrossRef]

95. Morse, J.D.; Sundermann, M.; Hannam, J.A.; Kokki, H.; Kokki, M.; Anderson, B.J. Population pharmacokinetics of oxycodone:
Premature neonates to adults. Paediatr. Anaesth. 2021, 31, 1332–1339. [CrossRef]

96. Wright, D.F.; Stamp, L.K.; Merriman, T.R.; Barclay, M.L.; Duffull, S.B.; Holford, N.H. The population pharmacokinetics of
allopurinol and oxypurinol in patients with gout. Eur. J. Clin. Pharmacol. 2013, 69, 1411–1421. [CrossRef]

http://doi.org/10.1152/physrev.1953.33.3.245
http://doi.org/10.2165/00003088-200443150-00007
http://doi.org/10.1111/j.1365-2125.2004.02157.x
http://doi.org/10.1038/sj.clpt.6100381
http://doi.org/10.1007/s40262-017-0622-5
http://doi.org/10.1002/j.1552-4604.1983.tb02750.x
http://doi.org/10.1111/j.1399-6576.1995.tb04375.x
http://doi.org/10.1381/096089200321668703
http://doi.org/10.1213/00000539-199204000-00008
http://doi.org/10.1213/ane.0b013e3181b0826a
http://doi.org/10.1213/01.ANE.0000120081.99080.C2
http://doi.org/10.1213/01.ANE.0000132781.62934.37
http://doi.org/10.1097/00000542-199304000-00008
http://doi.org/10.1046/j.1460-9592.2002.00781.x
http://doi.org/10.1016/j.ejps.2017.05.056
http://doi.org/10.1007/s00467-008-0997-5
http://doi.org/10.3390/jcm9113480
http://doi.org/10.1158/1078-0432.CCR-13-1960
http://doi.org/10.1007/s00228-015-1948-2
www.page-meeting.org/?abstract=3405
http://doi.org/10.1007/s00280-008-0707-9
http://doi.org/10.1111/bcp.12930
http://doi.org/10.1007/s40262-016-0430-3
http://doi.org/10.1128/AAC.00292-12
http://doi.org/10.1111/pan.14283
http://doi.org/10.1007/s00228-013-1478-8


J. Clin. Med. 2023, 12, 1642 20 of 20

97. Størset, E.; Holford, N.; Midtvedt, K.; Bremer, S.; Bergan, S.; Åsberg, A. Importance of hematocrit for a tacrolimus target
concentration strategy. Eur. J. Clin. Pharmacol. 2014, 70, 65–77. [CrossRef]

98. Xue, L.; Holford, N.; Ding, X.L.; Shen, Z.Y.; Huang, C.R.; Zhang, H.; Zhang, J.J.; Guo, Z.N.; Xie, C.; Zhou, L.; et al. Theory-based
pharmacokinetics and pharmacodynamics of S- and R-warfarin and effects on international normalized ratio: Influence of body
size, composition and genotype in cardiac surgery patients. Br. J. Clin. Pharmacol. 2017, 83, 823–835. [CrossRef]

99. Wasmann, R.E.; Svensson, E.M.; Schalkwijk, S.J.; Brüggemann, R.J.; Ter Heine, R. Normal fat mass cannot be reliably estimated in
typical pharmacokinetic studies. Eur. J. Clin. Pharmacol. 2021, 77, 727–733. [CrossRef]

100. Collier, C.B.; Gatt, S.P. Epidural catheters for obstetrics. Terminal hole or lateral eyes? Reg. Anesth. 1994, 19, 378–385.
101. Holford, N. Dosing in children. Clin. Pharmacol. Ther. 2010, 87, 367–370. [CrossRef]
102. Stephenson, T. How children’s responses to drugs differ from adults. Br. J. Clin. Pharmacol. 2005, 59, 670–673. [CrossRef]
103. Anderson, B.J. Pediatric models for adult target-controlled infusion pumps. Pediatr. Anesth. 2010, 20, 223–232. [CrossRef]
104. Abernethy, D.R.; Greenblatt, D.J.; Smith, T.W. Digoxin disposition in obesity: Clinical pharmacokinetic investigation. Am. Heart J.

1981, 102, 740–744. [CrossRef]
105. Ewy, G.A.; Groves, B.M.; Ball, M.F.; Nimmo, L.; Jackson, B.; Marcus, F. Digoxin metabolism in obesity. Circulation 1971, 44,

810–814. [CrossRef]
106. Abernethy, D.R.; Greenblatt, D.J.; Divoll, M.; Shader, R.I. Prolongation of drug half-life due to obesity: Studies of desmethyl-

diazepam (clorazepate). J. Pharm. Sci. 1982, 71, 942–944. [CrossRef]
107. Klotz, U. Pathophysiological and disease-induced changes in drug distribution volume: Pharmacokinetic implications. Clin.

Pharmacokinet. 1976, 1, 204–218. [CrossRef]
108. Siejka, A.; Jankiewicz-Wika, J.; Stepien, H.; Fryczak, J.; Swietoslawski, J.; Komorowski, J. Reduced plasma level of diazepam-

binding inhibitor (DBI) in patients with morbid obesity. Endocrine 2015, 49, 859–862. [CrossRef]
109. Wada, D.R.; Drover, D.R.; Lemmens, H.J. Determination of the distribution volume that can be used to calculate the intravenous

loading dose. Clin. Pharmacokinet. 1998, 35, 1–7. [CrossRef]
110. Dawes, J.; Myers, D.; Gorges, M.; Zhou, G.; Ansermino, J.M.; Montgomery, C.J. Identifying a rapid bolus dose of dexmedetomidine

(ED50) with acceptable hemodynamic outcomes in children. Pediatr. Anesth. 2014, 24, 1260–1267. [CrossRef]
111. Potts, A.L.; Anderson, B.J.; Holford, N.H.; Vu, T.C.; Warman, G.R. Dexmedetomidine hemodynamics in children after cardiac

surgery. Paediatr. Anaesth. 2010, 20, 425–433. [CrossRef]
112. Perez-Guille, M.G.; Toledo-Lopez, A.; Rivera-Espinosa, L.; Alemon-Medina, R.; Murata, C.; Lares-Asseff, I.; Chavez-Pacheco, J.L.;

Gomez-Garduno, J.; Zamora Gutierrez, A.L.; Orozco-Galicia, C.; et al. Population pharmacokinetics and pharmacodynamics of
dexmedetomidine in children undergoing ambulatory surgery. Anesth. Analg. 2018, 127, 716–723. [CrossRef]

113. Colin, P.; Eleveld, D.J.; van den Berg, J.P.; Vereecke, H.E.; Struys, M.M.; Schelling, G.; Apfel, C.C.; Hornuss, C. Monitoring
as a potential tool to improve the prediction of intraoperative plasma concentrations. Clin. Pharmacokinet. 2015, 55, 849–859.
[CrossRef]

114. Vuyk, J.; Lichtenbelt, B.J.; Olofsen, E.; van Kleef, J.W.; Dahan, A. Mixed-effects modeling of the influence of midazolam on
propofol pharmacokinetics. Anesth. Analg. 2009, 108, 1522–1530. [CrossRef]

115. Lichtenbelt, B.J.; Olofsen, E.; Dahan, A.; van Kleef, J.W.; Struys, M.M.; Vuyk, J. Propofol reduces the distribution and clearance of
midazolam. Anesth. Analg. 2010, 110, 1597–1606. [CrossRef]

116. Morse, J.D.; Stanescu, I.; Atkinson, H.C.; Anderson, B.J. Population Pharmacokinetic Modelling of Acetaminophen and Ibuprofen:
The Influence of Body Composition, Formulation and Feeding in Healthy Adult Volunteers. Eur. J. Drug Metab. Pharmacokinet.
2022, 47, 497–507. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s00228-013-1584-7
http://doi.org/10.1111/bcp.13157
http://doi.org/10.1007/s00228-020-03042-4
http://doi.org/10.1038/clpt.2009.262
http://doi.org/10.1111/j.1365-2125.2005.02445.x
http://doi.org/10.1111/j.1460-9592.2009.03072.x
http://doi.org/10.1016/0002-8703(81)90100-9
http://doi.org/10.1161/01.CIR.44.5.810
http://doi.org/10.1002/jps.2600710827
http://doi.org/10.2165/00003088-197601030-00003
http://doi.org/10.1007/s12020-014-0522-5
http://doi.org/10.2165/00003088-199835010-00001
http://doi.org/10.1111/pan.12468
http://doi.org/10.1111/j.1460-9592.2010.03285.x
http://doi.org/10.1213/ANE.0000000000003413
http://doi.org/10.1007/s40262-015-0358-z
http://doi.org/10.1213/ane.0b013e31819e4058
http://doi.org/10.1213/ANE.0b013e3181da91bb
http://doi.org/10.1007/s13318-022-00766-9

	Introduction 
	Pharmacokinetic Concepts to Determine Dose 
	Dosing Concepts in the Child 
	The Association between Weight and Dose 
	Use of PKPD to Determine Dose 
	The Target Concentration 
	Dose Calculation Using Compartment Models 


	Allometry 
	Size Scalers for the Obese Child 
	Size Scaling and Obesity in Anaesthesia 
	Body Mass Index 
	Lean Body Mass 
	Fat-Free Mass 
	Ideal Body Weight 

	A Universal Size Scaler 
	Normal Fat Mass 
	Limitations of NFM for IV Dosing 

	Application of NFM Principles for TCI to the Obese and Non-Obese Child 
	Maintenance/Infusion Dose 
	The Dose–Clearance Mismatch Explained 
	Loading Dose 
	Loading Dose Using a One-Compartment Model 
	Loading Dose for an Obese Child 
	The Volume of Distribution at Maximum Effect 
	Consideration of Adverse Effects 


	Practical Considerations 
	Conclusions 
	References

