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Abstract
Background  Fospropofol, a water-soluble prodrug of propofol, is metabolized into propofol by alkaline phosphatase 
after administration. This study aimed to develop a pharmacokinetic-pharmacodynamic (PK-PD) model that correlates 
the propofol concentration in exhaled air (Ce-pro-f ) with its anesthetic effects, as measured by the bispectral index 
(BIS) in beagles.

Methods  Beagles receiving a single intravenous infusion of fospropofol at varying doses were divided into three 
groups (n = 6): the DBL-fospro group (15 mg/kg), the DBM-fospro group (30 mg/kg), and the DBH-fospro group 
(60 mg/kg). Propofol levels were monitored using VUV-TOF MS from pre-administration to recovery. Correlations 
between Ce-pro-f and blood concentration (Cblood-pro), as well as between Ce-pro-f and the BIS were investigated. 
PK, PD, and PK-PD models describing the relationship between Ce and BIS were also analyzed.

Results  Propofol concentration in exhaled air can be quantified using VUV-TOF MS at a mass-to-charge ratio of 177.6. 
After fospropofol injection, the peak Ce-pro-f was delayed compared to Cblood-pro. The PK model of Ce-pro-f can be 
described using a noncompartmental approach, corresponding to the linear PK characteristics. Additionally, Ce-pro-f 
showed a moderate to strong negative correlation with BIS values. In the PK-PD model, the PK component was well 
characterized by a two-compartment model incorporating a first-order delay to account for the time lag of Ce-pro-f 
relative to Cblood-pro. The PD component was well fitted by the inhibitory sigmoid Emax model, with an indirect 
connection model selected to explain the observed lag between BIS signals and Ce-pro-f peaks.

Conclusions  This study is the first to develop a PK-PD model for exhaled propofol in beagles after fospropofol 
disodium administration. The PK profile was described by a two-compartment model with a first-order delay, and the 
PD profile was modeled using an inhibitory sigmoid Emax model with an indirect connection model to capture the lag 
between BIS and exhaled propofol peaks.
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Introduction
Fospropofol disodium, the prodrug of propofol, pro-
duces sedative effects through its metabolic conversion 
into propofol by alkaline phosphatase. Its water solubil-
ity markedly reduces injection pain commonly associated 
with lipid emulsion. However, hypotension at high con-
centrations remains similar to that of propofol, empha-
sizing the need for individualized monitoring of drug 
levels. Developing a pharmacokinetic (PK) and pharma-
codynamic (PD) model based on propofol can optimize 
fospropofol disodium dosing, minimize overdose-related 
adverse effects [1], and support the development of 
closed-loop drug delivery systems [2, 3].

Traditional PK modeling involves invasive blood sam-
pling and repeated collections. The requirement for 
multiple sampling points prolongs analysis time and 
increases costs, while also increasing patient discomfort 
and the risk of puncture site infections. More critically, 
the inability to perform continuous, large-scale real-time 
blood sampling limits the reliability and accuracy of the 
established models, which may fail to accurately reflect 
individual pharmacokinetic variability [4–6]. Therefore, 
developing a simple, noninvasive method for real-time 
online analysis of drug concentrations is crucial [7]. 
Recent studies have confirmed that propofol can be elim-
inated through the respiratory system, and with advanced 
analytical technologies such as proton transfer reaction 
mass spectrometry (PTR-MS), selected ion flow tube 
mass spectrometry (SIFT-MS), and ion mobility spec-
trometry (IMS), propofol has be successfully detected in 
exhaled air [8–10]. However, research on PK-PD models 
correlating exhaled propofol concentrations with anes-
thesia depth monitoring is still in the early stage.

Our team has developed an exhaled air analyzer using 
vacuum ultraviolet photoionization combined with time-
of-flight mass spectrometry (VUV-TOF MS). Preliminary 
studies in rats and beagles have demonstrated the suc-
cessful detection of propofol and ciprofol in exhaled air, 
enabling the establishment and validation of a gas anal-
ysis methodology for these anesthetic agents [11–13]. 
Beagles were selected as the research subjects in this 
study due to their physiological structure and metabolic 
pathways being similar to those of humans, effectively 
simulating human pharmacokinetics in drug absorption, 
distribution, metabolism, and excretion. Single intra-
venous doses of fospropofol disodium at varying levels 
were administered to beagles to investigate the changes 
in exhaled propofol concentrations (Ce-pro-f ), their cor-
relation with blood drug levels (Cblood-pro), and their 
relationship with anesthesia depths as indicated by the 
bispectral index (BIS). The aim was to establish a PK-PD 
model linking Ce-pro-f with BIS, providing novel insights 
and data support for future PK studies utilizing exhaled 
air analysis.

Materials and methods
System design of VUV-TOF MS
The VUV-TOF MS, with dimensions of 
0.59 m*0.59 m*0.94 m, is equipped with casters for easy 
mobility. Its core components include a VUV photoion-
ization source, a radio-frequency multirod ion transmis-
sion system, electrostatic lenses, and a reflectron TOF 
MS. The VUV photoionization source emits 10.6 eV pho-
tons, enabling rapid and soft ionization of volatile organic 
compounds (VOCs) in gas samples without the need for 
prior sample preparation. The reflectron TOF MS, featur-
ing a 265 mm flight tube and operating at 2400 V, com-
prises an accelerator, a field-free flight area, a reflector, 
and a microchannel plate detector. By integrating VUV 
photoionization with high-sensitivity TOF MS, this sys-
tem facilitates rapid response times and real-time acqui-
sition of high-resolution, full-scan spectral data from 
exhaled air. The VUV-TOF MS allows for the sensitive 
detection of VOCs at concentrations as low as parts per 
billion by volume (ppbv) and even parts per trillion by 
volume (pptv), supporting high-throughput, precise, and 
rapid online quantification of trace VOCs in exhaled air.

Calibration of the VUV-TOF MS
A custom-designed gas generator was used for cali-
bration. The structure, operation process, and calibra-
tion method of the gas generator has been described in 
detail in previous studies [11–13]. Given the insolubility 
of propofol in water, liquid propofol standards were first 
dissolved in methanol, and then diluted with water [14]. 
The room temperature was maintained at 25 °C. To pre-
pare the stock solution, 20 µL of the propofol standard 
solution, 8 mL of chromatographic-grade methanol and 
42 mL of pure water were thoroughly mixed. Using the 
ideal gas equation pV = nRT, the concentration of pro-
pofol gas (C0) after vaporization was calculated. Stand 
standard dilution solutions were then prepared by mixing 
various proportions of the stock solution with pure water 
to obtain 50 mL solutions at concentrations of 1.56 ppbv, 
15.56 ppbv, 77.82 ppbv, 108.95 ppbv, 155.65 ppbv, 233.47 
ppbv, 311.30 ppbv, 466.95 ppbv, 778.25 ppbv, and 1556.49 
ppbv. By adjusting the concentration of the propofol 
solution in the gas generator channel and the flow rate of 
N2, standard propofol gases were generated at concentra-
tions ranging from 0.04 ppbv to 55.68 ppbv.

The VUV-TOF MS conditions were optimized as fol-
lows: high-purity N2 was used as the carrier gas at a flow 
rate of 70 mL/min; the UV ion source and sample tube 
temperature was set to 100 °C, and the pulse interval was 
50 µs with 400,000 accumulations, resulting in a 20-sec-
ond analysis interval (single data acquisition time = num-
ber of accumulations * pulse interval). Before each use, 
the UV ion source and sample tube were preheated for 
1 h.
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Experimental methods
Animals
Six male beagles, aged 1-1.5 years and weighing between 
10 and 14 kg were selected as research subjects. The ani-
mals were obtained from Chengdu Dossy Experimental 
Animal Co., Ltd. All beagles underwent blood biochemi-
cal testing, and those with significant abnormal results 
were excluded from the study. Prior to the experiments, 
the beagles were provided with free access to food and 
water following a one-week environmental acclimatiza-
tion period. Ethical approval was granted by the Animal 
Ethics Committee of West China Hospital, Sichuan Uni-
versity (20211022), and all procedures adhered to animal 
welfare regulations. This methods section was described 
in accordance with the ARRIVE reporting guidelines.

Administration method and dosage
The sample size was determined based on the “Guiding 
Principles for Registration Review of Animal Testing in 
Medical Device Studies” issued in China, as well as the 
requirements of pharmacological experiments. There-
fore, each group consisted of six beagles [15]. Using the 
random number table method, six beagles were ran-
domly assigned to receive three different doses of fospro-
pofol disodium (50 mg/mL, Yichang Humanwell, Wuhan, 
China) in a crossover design: a low dose (DBL-fospro 
group, 15  mg/kg), a medium dose (DBM-fospro group, 
30 mg/kg), and a high dose (DBH-fospro group, 60 mg/
kg). Each beagle received all three dosing levels with 
a 7-day washout period between administrations. The 
dosing regimen was determined based on the median 
effective dose (ED50) required to induce the loss of the 
righting reflex in beagles, derived from data generated 
by our research center. Each dose was administered at a 
constant rate of 720 mL/h (0.2 mL/s) using a calibrated 
micro-infusion pump. This process was blinded to the 
personnel responsible for outcome assessment.

Beagle ventilation model preparation
All beagles were fasted for 12 h prior to the experiment 
but had free access to water. Upon entering the proce-
dure room, bilateral forearm venous catheterization was 
performed. The 22 G intravenous catheter (Surflo Flash, 
Terumo, Japan) was inserted into the cephalic veins of 
both forelimbs. The right cephalic vein was utilized for 
drug administration, whereas the left was utilized for 
blood sampling. Anesthesia was induced by intravenous 
administration of 5 mg/kg Zoletil 50 via the forearm vein, 
with supplemental doses administered as needed. Fol-
lowing the loss of the righting reflex, the beagles were 
positioned on a heated, constant-temperature experi-
mental table and connected to a vital signs monitor to 
track heart rate (HR), electrocardiography (ECG), pulse 
oxygen saturation (SpO2), and invasive blood pressure. 

Once muscles relaxation and regular breathing were 
achieved, tracheal intubation was performed, and the 
beagles were connected to a ventilator. The ventilator 
settings included volume-controlled ventilation mode, 
pure oxygen at a flow rate of 2 L/min, a respiratory rate 
of 20 breaths/min, and a tidal volume of 10 mL/kg. Prior 
to drug administration, the end-tidal carbon dioxide par-
tial pressure (PETCO2) was maintained between 25 and 
45 mmHg, with ventilator parameters adjusted only if 
PETCO2 was < 25 mmHg or > 45 mmHg. BIS electrodes 
were placed on the foreheads of the beagles to monitor 
anesthesia depth, and intraoperative body temperature 
was maintained at 36.5 ± 0.5 °C. Postoperatively, tracheal 
tubes were removed once the beagles regained con-
sciousness, defined as persistent, severe coughing and 
active attempts to dislodge the tube.

Exhaled air sampling and analysis
The L-shaped adapter of the respiratory circuit was 
directly connected to the sampling inlet of the VUV-TOF 
MS via a three-way valve, enabling continuous collection 
of exhaled air. As described previously, the mass spec-
trometry conditions were set to a sampling rate of 70 mL/
min with an analysis interval of 20 s. Exhaled air was col-
lected from 3 min prior to the start of drug infusion until 
the beagles regained consciousness.

Blood sampling and analysis method
Blood samples were collected at baseline (0 min), 1 min, 
3 min, 5 min, 7 min, 10 min, and 20 min after drug infu-
sion (if applicable), at subsequent 10-minute intervals 
(e.g., 30–40 min, if applicable), and at the time of awak-
ening. 0.2 mL of venous blood was drawn from the left 
cephalic vein at each time points. From this, 50 µL was 
precisely transferred into an EP tube containing 350 µL 
of methanol to deactivate alkaline phosphatase. The mix-
ture was centrifugated at 20,000 rpm for 10 min at 4 °C to 
obtain the supernatant. The processed samples were then 
transferred to labeled EP tubes and stored at -80 °C until 
analysis.

High-performance liquid chromatography (HPLC) 
was employed for propofol concentration analysis: chro-
matographic column: Swell Chromplus C18 (150  mm 
× 4.6  mm, 5  μm); column temperature: 30  °C; mobile 
phase: pure water: acetonitrile (38:62, v/v); fluorescence 
wavelength: excitation wavelength 276  nm, emission 
wavelength 310 nm; flow rate: 1.0 mL/min; injection vol-
ume: 10 µL; retention times: vanillin (internal standard): 
3.9 min, and propofol: 7.4 min.

Detailed information on the methodology for the quan-
titative detection of fospropofol disodium in whole blood 
(Cblood-fospro) is provided in the Supplementary Material 
1.



Page 4 of 10Li et al. BMC Veterinary Research          (2025) 21:124 

Anesthesia depth monitoring
In previous animal studies, the BIS has been widely used 
to assess anesthesia depth [16, 17], with research demon-
strating a strong correlation between BIS and anesthesia 
depth in most cases [18]. The baseline BIS value was cal-
culated as the average of five consecutive measurements 
taken prior to drug administration. Data were collected 
from the start of drug administration until the time of 
awakening, with measurements recorded at 20-second 
intervals.

Statistical analysis, PK and PD modeling
Statistical analysis was performed using IBM SPSS soft-
ware version 22.0. The Shapiro-Wilk test was used to 
assess the normality of the data. Quantitative data were 
expressed as the mean ± standard deviation or median 
(interquartile range). For normally distributed data, 
one-way ANOVA was used; For nonnormally distrib-
uted data, the Kruskal-Wallis rank-sum test was used. 
Spearman’s rank analysis was used to calculate cor-
relations between drug concentrations:|r| = 0.8–1.0 
indicated an extremely strong correlation;|r| = 0.6–0.8 
indicated a strong correlation;|r| = 0.4–0.6 indicated 
a moderate correlation;|r| = 0.2–0.4 indicated a weak 
correlation;|r| = 0.0–0.2 indicated no correlation.

When establishing a regression equation between drug 
concentrations, scatter plots are first drawn to determine 
the linear or curvilinear relationships, followed by fit-
ting using a linear or single exponential combined model 
equation. Y0, Plateau, and K are the model parameters. 
The least squares method was used to estimate the best 
model parameters and calculate R², with a higher R² indi-
cating a better fit.

	 Y = Y0 + (Plateau − Y0) * (1 − e − K*X)

The PK and PD analyses were conducted using Phoenix 
WinNonlin software. The noncompartmental analysis 
(NCA) module was used for PK modeling. Concentra-
tions below the limit of quantification were considered 
zero before reaching the maximum concentration (Cmax) 
and were considered unquantifiable after reaching Cmax. 

The PD modeling was based on the BIS as the measure 
of drug effect and exhaled propofol concentrations as the 
exposure variable, with data fitted using the inhibitory 
sigmoid Emax model. If the coefficient of variation (CV) 
was less than 20%, the precision of the model’s estimated 
parameters was considered appropriate.

	
Inhibitory sigmoid Emax model : E = E0 − Emax*Cγ

ICγ
50 + Cγ

Data trends were interpreted using combined PK-PD 
models; direct connection models were applied to data 
where BIS changes showed no substantial lag compared 
to Ce; indirect connection models, incorporating the 
effect compartment equilibration rate constant (Ke0), 
were used for data where BIS changes lagged significantly 
behind Ce. Differences were considered statistically sig-
nificant at P < 0.05.

Results
Biochemical indexes of the beagles
Table 1 describes the biochemical indexes of the selected 
6 beagles, which were all within normal ranges. All base-
line measurements for the relevant indexes were con-
ducted before the first drug administration.

Calibration of propofol in exhaled air
The spectrum of propofol gas shows that the signal inten-
sity is strongest at a mass-to-charge ratio (m/z) = 177.6. 
The spectral analysis of the blank and drug-contain-
ing exhaled air samples indicated that endogenous 
VOCs in the exhaled air of the beagle did not interfere 
with the propofol measurement (Fig.  1a and b). When 
the propofol concentration ranged from 0.04 ppbv to 
50.29 ppbv, the signal intensity at m/z = 177.6 showed 
a curvilinear relationship with the gas concentration: 
y = -142 + 23,562*x + 1461*x2 (R2 = 0.9992) (Fig.  1c), 
and the model passed the lack-of-fit test (P = 0.36). 
However, the linear fit showed a poor correlation: 
y = − 258,412 + 83,944*x (R2 = 0.9197, P < 0.05) (Fig. 1d). In 
this study, we performed calibration using the curvilinear 
equation from Fig. 1c. Based on a signal-to-noise ratio of 

Table 1  The basic biochemical indexes of beagles
Beagle #1 Beagle #2 Beagle #3 Beagle #4 Beagle #5 Beagle #6

ALT, U/L 21.72 47.13 61.18 27.45 36.43 36.82
AST, U/L 29.11 29.04 33.77 24.73 29.82 41.01
CK-MB, U/L 627.91 505.76 524.06 495.85 1019.47 865.25
CREA, µmol/L 125.20 124.63 109.11 142.27 137.89 255.37
LDH, U/L 137.83 98.22 123.26 109.83 195.10 159.27
TG, mmol/L 0.39 0.48 0.42 0.43 0.52 0.44
UREA, mmol/L 5.20 6.61 5.64 7.35 4.62 5.66
Notes ALT, alanine aminotransferase; AST, glutamic oxalacetic transaminase; CK-MB, creatine kinase-MB; CREA, creatinine; LDH, lactate dehydrogenase; TG, 
triglyceride; UREA, urea nitrogen. All baseline measurements were conducted before the first administration
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3:1, the limit of detection is 0.04 ppbv; with a signal-to-
noise ratio of 10:1, the limit of quantification is 0.12 ppbv.

PK parameters of Ce-pro-f
The PK models for Ce-pro-f were well fitted using the 
NCA approach (detailed parameters are provided in Sup-
plemental Table S1). After intravenous administration 
of low, medium, or high doses of fospropofol disodium, 
Cblood-fospro peaked rapidly at 1 min (Supplemental Fig. 
S1). As shown in Fig. 2a and b, the peak time for Cblood-
pro was slightly later (DBL-fospro group: 4.33 ± 1.03 min; 
DBM-fospro group: 4.00 ± 1.67  min; DBH-fospro group: 
5.33 ± 0.61 min). In comparison, the time to peak Ce-pro-
f was further delayed (DBL-fospro group: 7.25 ± 1.71 min; 

DBM-fospro group: 4.33 ± 0.82  min; DBH-fospro group: 
6.67 ± 0.82 min). The Cmax of Ce-pro-f (DBL-fospro group: 
4.00 ± 1.68 ppbv; DBM-fospro group: 14.23 ± 3.69 ppbv; 
DBH-fospro group: 28.83 ± 7.06 ppbv) increased linearly 
with the administered dose (P = 0.04), and the AUC0−∞ 
values (DBL-fospro group: 114.55 ± 48.77  min*ppbv; 
DBM-fospro group: 307.96 ± 65.69  min*ppbv; DBH-
fospro group: 750.22 ± 243.96  min*ppbv) also showed a 
linear dose-response relationship (P = 0.02). Addition-
ally, the elimination half-life was independent of the dose 
(P = 0.24), indicating linear PK characteristics.

Fig. 2  Concentration-time curves of the propofol concentration in exhaled air and in whole blood. (a) and (b) show the concentration-time curves of the 
propofol concentration in exhaled air and in whole blood after injecting fospropofol disodium, respectively

 

Fig. 1  Calibration plot of propofol based on VUV-TOF MS. a. shows the spectrum of blank exhaled air from beagles; b. shows the spectrum of propofol-
containing exhaled air from beagles; c. shows the curvilinear fitting of the calibration curve; d. shows the linear fitting of the calibration curve.
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Correlations between Ce-pro-f, Cblood-pro, and BIS
Spearman analysis revealed significant moderate to 
strong correlations between Ce-pro-f and Cblood-pro fol-
lowing a single intravenous infusion. The correlation 
coefficients were as follows: DBL-fospro group, r = 0.55 
(P < 0.001); DBM-fospro group, r = 0.73 (P < 0.001); and 
DBH-fospro group, r = 0.79 (P < 0.001). Figure 3a presents 
the BIS-time curves following the administration of three 
different doses of fospropofol disodium. Ce-pro-f showed 
moderate to strong negative correlations with BIS values 
after administration of different doses: r = -0.47 (P = 0.02) 
in the DBL-fospro group (Fig. 3b); r = -0.50 (P = 0.004) in 
the DBM-fospro group (Fig. 3c); and r = -0.85 (P < 0.001) 
in the DBH-fospro group (Fig. 3d).

PD models of Ce-pro-f and BIS
As shown in Fig. 4a and b, and 4c, the change in BIS val-
ues was significantly delayed compared to the changes 
in Ce-pro-f. This delay necessitates the introduction of 
a time correction to account for the lag between propo-
fol concentrations in exhaled air and at the effect site, 
enabling the establishment of a more accurate PD model 
with BIS.

The PK-PD model of Ce-pro-f with BIS
As shown in Fig. 5, after a single intravenous infusion of 
low, medium and high doses of fospropofol disodium, 
a delay in the Ce-pro-f was observed compared with 

Cblood-pro. However, BIS values exhibited an even greater 
delay relative to Ce-pro-f. To account for this, an indirect 
connection model was applied to the PK-PD model to 
capture the delayed pharmacodynamic response. The PK 
component was fitted using a two-compartment model, 
incorporating a first-order rate constant to describe the 
delay in equilibrium between the blood and the lung 
compartment (Ke0lung). For the PD component, an inhib-
itory sigmoid Emax model was employed to accurately 
capture the trend of BIS responses across all dose groups. 
The parameters of the established PK-PD model are pre-
sented in Supplemental Table S2.

Ce-pro-f upon awakening
After a single intravenous infusion of low, medium 
or high doses of fospropofol disodium, the anesthe-
sia times were 26.67 ± 7.55  min, 46.67 ± 7.57  min, and 
74.34 ± 10.97  min, respectively. The Ce-pro-f upon 
awakening were 1.34 ± 0.18 ppbv, 2.01 ± 1.00 ppbv, and 
2.59 ± 0.60 ppbv, respectively (P = 0.02), suggesting that 
Ce-pro-f increased with increasing dosage.

Discussion
Our study revealed a moderate to strong correlation 
between the Ce-pro-f and Cblood-pro in beagles admin-
istered fospropofol disodium, along with its anesthetic 
effects as indicated by the BIS. Furthermore, this study 
established PK, PD, and PK-PD models based on the 

Fig. 3  Correlations between the propofol concentration in exhaled air and BIS (a) presents the BIS-time curves following the administration of three 
doses of fospropofol disodium; (b), (c), and (d) depict the correlations of propofol concentration in exhaled air and BIS under single intravenous infusion 
of low, medium, and high doses of fospropofol disodium, respectively
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Ce-pro-f and BIS, providing significant support for future 
PK/PD studies on fospropofol disodium.

Real-time monitoring of drug concentrations allows for 
timely data acquisition, enabling the accurate determina-
tion of PK/PD model parameters. This approach helps 
improve traditional PK-PD models, optimizes dosing 
regimens, and supports the development of personalized 
treatment strategies [7]. Compared to traditional offline 
plasma sampling, this study utilizes VUV-TOF MS for 
real-time analysis of exhaled air, clearly visualizing the 
changes in exhaled propofol concentration after admin-
istrating fospropofol disodium in beagles. The findings 
align with those of previous studies [19–21]. The appear-
ance of propofol molecules in exhaled air occurs as 
follows: after intravenous infusion, propofol rapidly dis-
tributes to the lungs. As blood carrying propofol passed 
through the alveoli, unbound propofol volatilizes to form 
headspace gas, which crosses the pulmonary respiratory 
membrane, enabling the transfer of propofol molecules 
from the bloodstream to the alveoli. Although some stud-
ies suggest the airways may contribute to gas exchange, 
propofol- a lipophilic, hydrophobic drug with high blood 
solubility-is generally believed to primarily undergo gas 
exchange in the alveoli [22, 23].

Analyzing the structural features and parameters of 
PK and PD models enhancing the understanding of fun-
damental drug physiological processes. Propofol, the 
active metabolite of fospropofol disodium is believed to 
follow a three-compartment distribution model in phar-
macokinetics. The PK model consists of a central com-
partment connected to both rapid and slow peripheral 

compartments [24–26]. Due to the sampling design 
omitting the full elimination phase, different PK models 
may emerge when applying compartmental models [27]. 
Therefore, a NCA approach was used for the PK calcu-
lations. Based on the NCA approach, we found that the 
elimination half-life of propofol in exhaled air from bea-
gles remains constant regardless of the dosage adminis-
tered. Additionally, both the peak concentration and the 
area under the curve show strong correlations with the 
administered dosage, indicating that changes in exhaled 
propofol follow linear PK behavior, similar to blood pro-
pofol levels. This further supports the potential applica-
tion of gaseous drug concentrations in PK studies [28].

Compared to blood drug concentrations, the peak 
times of fospropofol disodium (active metabolite - propo-
fol) in exhaled air are delayed. However, in vitro studies 
demonstrated that propofol spectral peaks are detectable 
in subsequent measurements when standard gas is intro-
duced into the VUV-TOF MS system. This suggests that 
the delay is not due to tube adsorption but rather high 
plasma protein binding, which reduces the excretion of 
free drug molecules through the lungs [29, 30]. Addition-
ally, the delay may result from propofol’s large blood-
to-gas partition coefficient; a higher coefficient slows 
the exchange of volatile substances between gas phases 
and liquid phases, prolonging the equilibrium between 
free drug molecules in the blood and the headspace gas. 
Propofol’s high blood-gas partition coefficient suggests 
that its equilibrium occurs significantly later than that 
of other general anesthetics [31]. Grossherr et al. used 
IMR-MS to compare the clearance kinetics and peak 

Fig. 4  PD models of propofol concentration in exhaled air and BIS (a), (b), and (c) are the curves of propofol concentration in exhaled air and BIS; (d), (e), 
and (f) are the time-corrected curves of propofol concentration in exhaled air and BIS
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concentrations of ethanol and propofol in pig exhaled 
air, revealing that ethanol appeared and peaked much 
faster than propofol. This difference is due to factors like 
molecular weight, solubility, blood-gas partition coef-
ficient, plasma protein binding, and lipophilicity. Propo-
fol’s larger molecular weight, higher blood-gas partition 
coefficient, and stronger protein binding contribute to 
its slower kinetics and delayed peak concentrations [32]. 
Correlations between gaseous and blood drug concentra-
tions are crucial for their use in PK studies. In the fos-
propofol groups, all concentration-time curves showed 
moderate to strong correlations, allowing anesthesiolo-
gists to effectively monitor drug concentrations in real 
time. In PD modeling of blood propofol concentrations 
with BIS, incorporating the effect-compartment con-
centration is crucial to address the delayed equilibrium 
between BIS and blood levels. From our preliminary 
studies, the delay in exhaled propofol concentrations 

permits a direct substitution with effect-compartment 
concentrations in the PD model. For fospropofol diso-
dium, although gaseous propofol concentrations are 
closer to effect- compartment levels than blood concen-
trations, a significant delay remains due to its conversion 
to propofol by alkaline phosphatase.

Furthermore, the PK-PD models developed in this 
study demonstrated that in the PK part, a delay exists in 
the equilibrium of propofol between the blood and the 
pulmonary compartment. To account for this delay, the 
parameter Ke0lung was introduced based on the model 
described by Kreuer et al., representing the first-order 
rate constant governing the equilibrium between blood 
and lung concentrations [20]. Meanwhile, a two-com-
partment model was employed, with the blood as the 
central compartment, and the lung as the peripheral 
compartment, effectively modeling the distribution and 
elimination processes. This approach allows for a more 

Fig. 5  PK-PD models of propofol concentration in exhaled air and BIS (a). The schematic diagram of the PK-PD model. (b), (c), and (d) show the PK-PD 
models of propofol concentration in exhaled air and BIS at low, medium and high dosages of fospropofol disodium, respectively. Ke0lung: a first-order 
rate constant to describe the delay in equilibrium between the blood and the lung compartment; CL1: clearance rate in the central compartment; CL2: 
clearance rate in the peripheral compartment
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accurate characterization of the delayed pharmacoki-
netic behavior of propofol in exhaled air. For the linkage 
component of the model, although the exhaled propofol 
concentration exhibited a delayed peak, the connection 
remained indirect. This is because the exhaled propofol 
concentration and the effect-site concentration did not 
achieve immediate equilibrium. The PK-PD model is 
essential for target-controlled infusion and even closed-
loop drug administration. The establishment of the 
PK-PD model demonstrated that real-time analysis of 
exhaled air can directly guide the timing and dosage of 
fospropofol disodium administration, simplifying the 
titration of anesthesia depth and improving the safety 
of clinical anesthesia [33–35]. Moreover, upon awaken-
ing, no statistically significant difference was observed in 
the exhaled propofol concentration among the propofol 
groups, suggesting that exhaled propofol monitoring has 
potential for guiding extubation in beagles. Neverthe-
less, the exhaled propofol concentration threshold for 
awakening in beagles following the administration of 
fospropofol disodium increased with increasing dosage, 
potentially due to prolonged anesthesia and inconsistent 
baseline anesthetic effects of Zoletil.

This study also has several limitations. A primary limi-
tation is that the PK-PD model was developed solely 
based on exhaled propofol concentrations. However, 
blood concentrations are generally more stable and 
reproducible than exhaled concentrations. Precise mea-
surement of exhaled propofol concentrations requires 
stringent control of sampling procedures and the use of 
high-performance analytical instruments. In this study, 
experimental conditions were strictly standardized, and 
the VUV-TOF MS exhibited exceptionally high sensi-
tivity, detecting propofol at levels as low as 0.04 ppbv. 
Additionally, the sampling lines, composed of polyether-
ether-ketone tubing, were maintained at a constant tem-
perature of 100 °C, which significantly reduced the loss of 
propofol gas sampling. Secondly, mixed exhaled air was 
analyzed instead of alveolar air due to the difficulties of 
collecting alveolar samples from beagles. On one hand, 
collecting mixed air is simpler and more feasible than 
alveolar gas, which has been investigated in many previ-
ous studies [19, 36–39]. During mechanical ventilation 
of anesthetized beagles, with fixed body position, respi-
ratory rate, and tidal volume, a proportional relationship 
exists between the concentration of propofol in exhaled 
mixed air and alveolar air [40]. In exhalation analysis, 
employing reproducible and precise gas sampling meth-
ods is critically important. Further studies are needed to 
explore and optimize alveolar air collection techniques.

Conclusions
This study is the first to develop a PK-PD model for 
exhaled propofol in beagles after fospropofol disodium 
administration. The PK profile was described by a two-
compartment model with a first-order delay, and the PD 
profile was modeled using an inhibitory sigmoid Emax 
model with an indirect connection model to capture the 
lag between BIS and exhaled propofol peaks. This study 
provides valuable insights and data support for future PK 
studies utilizing exhaled air analysis.
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