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Abstract

This study develops a quantitative model of drug plasma concentration over 24 hours

using the surge function,

f(t) = a t e−b t.

With representative parameters (a = 1.0, b = 0.3 h−1), we first simulated a single dose and then a

four-dose regimen at six-hour intervals. The implementation was carried out in R on a time grid

from 0 to 24 h with 0.1 h steps. Local peaks were detected by locating sign changes in the

discrete derivative, and simulated peak times were compared to the analytic prediction

tk = (k − 1) s + 1/b.

Results show all local peaks occur with less than 9 % relative error, validating the simple

model’s accuracy. The global peak reached 2.085 units at 20.2 h, demonstrating progressive

accumulation. The concentration–time profile clearly illustrates rising and falling phases,

highlighting the need to optimize dosing intervals. This minimal approach provides an instructive,

extendable tool for designing safer regimens and forms a solid foundation for incorporating real

clinical data or interindividual variability in future work.
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Introduction

Rational design of dosing regimens requires a clear understanding of how a drug’s plasma

concentration evolves over time. After administration, the concentration typically rises to a

maximum and then declines as the drug is distributed and eliminated. To predict this profile,

pharmacokinetic models range from complex multi-compartment schemes to simple empirical

formulas. One of the simplest yet powerful approaches is the surge function:

f(t) = a t e−b t,

where a sets the initial scale and b governs the rate of exponential decay. This function captures a

rapid rise followed by a smoother decline, a pattern common in drugs with instantaneous

absorption and first-order elimination.

Several authors have demonstrated the surge function’s utility in various contexts. Human

alcohol kinetics, for example, have been well described by f(t) when fitting blood-alcohol data

from fasting volunteers. Similarly, studies on short-half-life antibiotics confirm that the initial

linear uptake and subsequent exponential drop align closely with this formula. In general, the

time of peak concentration is given by tpeak = 1/b, providing a direct way to estimate the window

of maximal efficacy or risk.

Problem Statement

With a single dose, the concentration–time curve returns to baseline before the next

administration. In chronic treatments, however, multiple doses are given at fixed intervals. Each

new dose adds to residual levels still present in the bloodstream, leading to accumulation. As a

result, trough levels rise and successive peaks can far exceed the initial maximum. If the dosing
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interval is not adjusted, accumulation may push concentrations above the therapeutic window,

risking toxicity—especially critical for drugs with narrow safety margins or in patients with

compromised clearance.

Significance of the Topic

• Patient safety. Keeping drug levels within the therapeutic range prevents severe adverse

reactions and improves tolerability.

• Sustained efficacy. Too low a trough may fail to suppress infection or tumor growth,

making precise valley prediction as important as peak prediction.

• Resource optimization. Modeling concentration profiles in advance reduces unnecessary

blood tests, cuts costs, and streamlines clinical workflows.

• Broad applications. Antibiotics (e.g. aminoglycosides), chemotherapeutics (e.g.

methotrexate), anticonvulsants, and potent analgesics all require careful regimen design to

avoid treatment failure or cumulative toxicity.

Research Questions

Building on the above, this work addresses:

1. Single vs. multiple peaks. Does the simulated peak time for the first dose match the

analytical value t = 1/b?

2. Evolution of local peaks. Do subsequent peaks occur near (k − 1) s + 1/b when doses

repeat every s = 6 hours?

3. Magnitude of the global peak. How does the maximum concentration grow, and what are

the clinical implications?
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4. Dosing recommendations. Which adjustments to interval or dose could limit

accumulation while preserving efficacy?

Hypotheses

1. The first simulated peak will occur around 3.33 h, consistent with 1/b for b = 0.3 h−1.

2. Local peaks will align closely with theoretical times (k − 1) s + 1/b.

3. The global peak will follow the fourth dose and progressively exceed earlier maxima.

Literature Review

Recent literature underscores the value of compact models for rapid simulation:

• Empirical surge models. Studies apply a t e−bt to describe oral uptake and

controlled-release kinetics, highlighting its strong fit with minimal parameters.

• Compartmental comparisons. Comparative analyses show that a single-compartment

model suffices when distribution is fast relative to elimination half-life, and adding more

compartments often yields minimal predictive gain.

• Population variability. Monte Carlo simulations that vary b capture inter-patient

differences in liver and kidney function, stressing the need for population-based

exploration.

• R implementations. Packages like rxode2 and PKPDsim provide reproducible, flexible

frameworks for in silico regimen testing.

Overall, these authors agree that simple surge-type models offer a solid exploratory

foundation before moving to structural models when rich clinical data are available.
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Data and Methods (Summary)

This study uses R 4.3.3 for simulation:

• Base model. Surge function plus linear superposition of four doses.

• Parameters. a = 1.0; b = 0.3 h−1; interval s = 6 h.

• Time discretization. 0.1-h steps over 24 h to capture fine rise and fall details.

• Peak detection. Identify points where C(ti) > C(ti−1) and C(ti) > C(ti+1).

• Theoretical comparison. Compute percentage errors between simulated and theoretical

peak times.

Structure of the Rest of the Report

• Section delves into the state of the art in pharmacokinetic simulation.

• Section details the R code, assumptions, and rationale.

• Section presents descriptive statistics, the peak comparison table, and the

concentration–time plot.

• Section interprets findings, discusses clinical implications, outlines limitations, and

proposes future research.
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Literature Review

Plasma-level modeling has evolved from purely empirical fits to detailed mechanistic

schemes. Below is a thematic overview of key contributions: (e1) the origin and use of the surge

function, (e2) mono- vs. multi- compartment models, and (e3) modern simulation tools in R.

Origin and Development of the Surge Function

Early work in the 1970s noted that a function of the form a t e−bt matched fast absorption

and first-order elimination profiles. More recent studies have extended this approach:

• Alcohol metabolism. One experiment reported that eight fasting volunteers’ blood-alcohol

curves fell within 5 % of the surge shape.

• Short-half-life drugs. Research on NSAIDs showed the surge function accurately captures

both the early peak and the subsequent exponential decline.

• Parameter interpretation. Although empirical, authors have linked a to relative

bioavailability and b to clearance rate, giving physiological meaning to each term.

One-Compartment vs. Multi-Compartment Models

There is a classic debate on simple versus complex structures:

1. Advantages of one compartment:

• Fewer parameters, easing identification and reducing overfitting risk.

• Requires less experimental data to calibrate.

• Allows analytical formulas for repeated doses, simplifying teaching and preliminary

calculations.
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2. Limitations:

• Poor fit for prolonged distribution phases.

• May underestimate early tissue concentrations.

3. When to use multi-compartment:

• Lipophilic drugs with slow redistribution.

• Intensive sampling studies (e.g. Phase I trials) needing distribution and redistribution

capture.

Comparative studies find that if distribution lasts under 15 % of the elimination half-life, a

single-compartment model explains over 90 % of variance with half the parameters of a

two-compartment model.

Contemporary Applications and R Simulation

The rise of R has made pharmacokinetic modeling widely accessible:

• Specialized packages. Tools like rxode2, mrgsolve, and PKPDsim let users define

ODEs and dosing scenarios in just a few lines, compiling for speed.

• Statistical integration. Population simulations with log-normal variability in b can be

paired with Bayesian inference methods directly in R.

• Reproducibility. The “code + data + figure” workflow in a single notebook eases auditing

and publication.
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Ongoing Debates

Some authors favor parsimonious models that answer key clinical questions with minimal

complexity. Others argue that the incremental predictive gain of multi- compartment models

justifies the extra computational cost. There is a strong call to validate simulation parameters

against real clinical data in diverse groups (pediatric, geriatric, renal impairment). Proposals for

physics-informed neural networks combine differential equations with machine learning to

flexibly capture nonlinearity and variability.

Synthesis

The literature supports using the surge function as a valid approximation when

distribution is rapid and elimination is first-order. Simple single-equation models, coupled with

modern computational tools, offer a robust framework for preliminary predictions and teaching.

However, the field recognizes the need to validate these models in vivo and to move to more

complex structures when real pharmacokinetic behavior demands it.
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Data and Methods

This section details every step needed to reproduce the simulation, from setting up the

work environment to the analysis procedure. Any researcher with R and the code in Appendix A

should be able to replicate these results.

Overall Design

This is an in silico study: no human or animal subjects are involved. We model plasma

concentration assuming instantaneous absorption and first-order elimination. A first dose is given

at t = 0, followed by three additional doses at fixed intervals s = 6 h, for a total of four doses

over a 24-hour horizon.

Environment Setup

• Software: R 4.3.3 (64-bit) on Windows 11.

• Packages: ggplot2 (plotting), tidyr (data reshaping), Deriv (symbolic

differentiation), rootSolve (root finding).

• Reproducibility: Any missing packages are installed at runtime. A global seed

set.seed(123) is set, although no random operations are used here.

Model Parameters

• Initial scale: a = 1.0 (arbitrary units).

• Elimination rate: b = 0.3 h−1.

• Dose interval: s = 6 h.

• Number of doses: 4.



Surge Function and Drug Levels 13

• Time grid: ∆t = 0.1 h from t = 0 to t = 24, yielding 241 time points.

Simulation Algorithm

1. Define the basic surge function f(t) = a t e−bt.

2. Create the dose-time vector dose_times = c(0, 6, 12, 18) in hours.

3. For each time ti in the grid, compute total concentration

C(ti) =
4∑

k=1
f(ti − dk) whenever ti ≥ dk.

4. Store results in a data.frame with columns time and conc_total.

Local Peak Detection

• Compute discrete slopes ∆1 = C(ti) − C(ti−1) and ∆2 = C(ti+1) − C(ti).

• Identify a local peak where ∆1 > 0 and ∆2 < 0.

• Round peak times to two decimals and concentrations to three.

Comparison to Analytical Theory

Compute theoretical peak times

tk,theo = (k − 1) s + 1
b
, k = 1 . . . 4,

and relative error:

Error% = | tsim − ttheo|
ttheo

× 100.
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Visualization

Using ggplot2, we plot:

• Solid line: concentration with multiple doses.

• Dashed line: single-dose concentration for comparison.

• Dotted vertical lines at t = 6, 12, 18 h to mark additional doses.

• Black circles: local peaks; red triangle: global peak.

Validation and Verification

1. Single-dose peak. Checked that the first peak occurs at t ≈ 3.3 h, matching 1/b.

2. Unit consistency. All calculations use coherent arbitrary units; no mass or volume

conversions were required.

3. Code review. Verified no infinite loops or out-of-bounds indexing exist.

Reproducibility Instructions

See Appendix A for the full script. To replicate:

1. Install R 4.x and open a new script file.

2. Copy the code from Appendix A and run it.

3. Confirm that the generated plot and peak table match those reported here.

Ethical Considerations

As a purely mathematical simulation, no human or animal subjects were used. No clinical

or sensitive personal data were involved, so no ethics approval was necessary.
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Findings

This section presents the main findings from the four-dose simulation over 24 h and

contrasts them with analytical predictions. Two tables are provided for clarity: (i) a global

summary of concentration statistics and (ii) a detailed comparison of simulated versus theoretical

peaks. We also show the concentration–time profile with highlighted peaks.

Overview of the Simulated Series

Table 1 summarizes the minimum, first quartile (Q1), median, mean, third quartile (Q3),

and maximum of the total plasma concentration (arbitrary units) recorded at 241 time points. The

global maximum was 2.085, reached at 20.2 h.

Local Peaks and Theoretical Validation

Table 2 shows the simulated peak times (tsim), theoretical peak times

(ttheo = (k − 1)s + 1/b), the percent error, and the concentration at each peak. All errors

remained below 9 %, confirming the surge model’s consistency.

Concentration–Time Profile

Figure 1 illustrates the plasma concentration over time for multiple doses (solid line) and

the single-dose reference (dashed line). Local peaks are marked with black circles and the global

peak with a red triangle.

Interpretation of Results

• First-dose agreement. The first peak at 3.30 h closely matches the analytical value 1/b =

3.33 h.

• Progressive accumulation. Each successive peak exceeds the previous one, demonstrating
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accumulation with a 6 h interval.

• Temporal convergence. Percent error decreases after the second dose, indicating a

transient approach to periodic steady state.

• Global peak. The overall maximum of 2.085 units after the fourth dose suggests a

threshold for clinical safety assessment.
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Discussion and Conclusion

The simulation results confirm that the surge function is a reliable tool for predicting peak

times and concentrations under a six-hour dosing regimen. Specifically:

• First-dose agreement. The first simulated peak at 3.3 h matches the theoretical value 1/b,

validating the implementation.

• Predictable accumulation. Subsequent local peaks remain within a maximum error of 9 %

relative to (k − 1)s + 1/b, showing that accumulation follows a predictable pattern.

• Global maximum. The highest concentration (2.085 units) occurs after the fourth dose,

illustrating the increasing risk of overdosing when using fixed intervals.

Clinical Implications

• Adjusting dosing intervals. Shortening the interval below six hours could lead to

excessively high plasma levels.

• Monitoring strategies. Schedule blood draws around critical peaks (e.g., 8–10 h and

14–16 h) to catch potentially dangerous levels.

• Patient education. Emphasize the importance of sticking to the prescribed schedule to

avoid unwanted accumulation.

Limitations

1. One-compartment model. Does not capture distribution or redistribution phases, which

may matter for lipophilic drugs.
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2. No interindividual variability. Does not model differences in liver or kidney function

between patients.

3. Assumed full bioavailability. Ignores absorption losses before the drug reaches

circulation.

4. Idealized conditions. Excludes external factors such as food intake or interactions with

other medications.

Future Directions

• Fit parameters a and b to real clinical data from patients with varied characteristics (e.g.,

age, renal function).

• Compare one- and multi-compartment models when the distribution phase is prolonged,

weighing improved fit against added complexity.

• Introduce stochastic variability in b (e.g., Monte Carlo) to simulate heterogeneous

populations.

• Explore adaptive dosing algorithms that optimize both dose and interval to keep levels

within a narrow therapeutic window.

Conclusion

This study demonstrates that a simple model based on the surge function provides

consistent predictions of concentration peaks and enables quick evaluation of accumulation risks.

While it has micro-modeling limitations, this approach is sufficient for planning and teaching

purposes and serves as a solid starting point for more detailed pharmacokinetic developments.
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Table 1
Descriptive statistics for total concentration

Min. Q1 Median Mean Q3 Max.

0.000 1.225 1.652 1.559 1.861 2.085
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Table 2
Simulated vs. theoretical peak comparison

Dose tsim (h) ttheo (h) Error (%) Conc.

1 3.30 3.33 0.9 1.226
2 8.50 9.33 8.9 1.845
3 14.20 15.33 7.4 2.038
4 20.20 21.33 5.3 2.085
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Figure 1
Simulated plasma concentration: multiple doses (solid line) vs. single dose (dashed line). Local
peaks (circles), global peak (red triangle).
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