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Lecture Objectives: To introduce clinicians to the essential role of the biophase in understanding the relationship between concentration and response, and thus the relationship between drug dose and drug response.




Figure 1: The plasma (solid) and biophase concentrations (dashed lines) following a bolus of 3 common opioids.
Plasma-Effect Site Equilibration:

Although the plasma concentration following an intravenous bolus peaks nearly instantaneously, no anesthesiologist would induce a patient with an intravenous bolus of a hypnotic and immediately intubate the patient. The reason, of course, is that although the plasma concentration peaks almost instantly, additional time is required for the drug concentration in the brain to rise and induce unconsciousness, as shown in figure 1. This delay between peak plasma concentration and peak concentration in the brain is called hysteresis. Hysteresis is the clinical manifestation of the fact that the plasma is usually not the site of drug action, only the mechanism of transport. Drugs exert their biological effect at the “biophase,” also called the “effect site,” which is the immediate milieu where the drug acts upon the body, including membranes, receptors, and enzymes.


The concentration of drug in biophase cannot be measured. First, it is usually inaccessible, at least in human subjects. Second, even if we could take tissue samples, the drug concentration in the microscopic environment of the receptive molecules will not be the same as the concentration grossly measured in, say, ground brain or CSF. Although it is not possible to measure drug concentration in the biophase, using rapid measures of drug effect we can characterize the time course of drug effect. Knowing the time course of drug effect, we can characterize the rate of drug flow into and from the biophase. Knowing these rates, we can characterize the drug concentration in the biophase in terms of the steady state plasma concentration that would produce the same effect. Starting with the 3 compartment model introduced by Dr. Shafer in his presentation, we can now incorporate the biophase as an additional “effect compartment,” as shown in figure 2.




Figure 2: The compartmental model, now with an added effect site. ke0 is often directed outside, as though drug were eliminated from the effect site.

The effect site is the hypothetical compartment that relates the time course of plasma drug concentration to the time course of drug effect, and ke0 is the rate constant of drug elimination from the effect site. By definition the effect compartment receives such small amounts of drug from the central compartment that it has no influence on the plasma pharmacokinetics.


If a constant plasma concentration is maintained then the time required for the biophase concentration to reach 50% of the plasma concentration (t ½ ke0) can be calculated as 0.693 / ke0. Following a bolus dose, the time to peak effect site concentration is a function of both the plasma pharmacokinetics and ke0. For drugs with a very rapid decline in plasma concentration following a bolus (e.g., adenosine, with a half-life of several seconds), the effect site concentration will peak within several seconds of the bolus, regardless of the ke0. For drugs with a rapid ke0 and a slow decrease in concentration following bolus injection (e.g., pancuronium), the time to peak effect site concentration will be determined more by the ke0 than by the plasma pharmacokinetics. ke0 has been characterized for many drugs used in anesthesia.
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 Equilibra​tion between the plasma and the effect site is rapid for the thiopental,9 propofol,13 and alfentanil,11 intermedi​ate for fentanyl11 and sufentanil12 and the nondepolarizing muscle relaxants,
 and slow for morphine and ketorolac.




Figure 3: The plasma and effect site concentrations for propofol, assuming a t ½ ke0 of 1, 2.8 (the real value) and 5 minutes.

Using the intravenous hypnotic propofol, we can consider the influence of ke0 on the onset of drug effect. Figure 3 shows the plasma concentra​tions and apparent biophase concentrations after an IV bolus of propofol for three values for t ½ ke0: 1 min, 2.8 min (the actual value for propofol),
 and 5 min. Regardless of the value of ke0, the pattern remains the same. The plasma concen​tration peaks (nearly) instantly and then steadily declines. The effect site concentration starts at 0 and increases over time until it equals the (descending) plasma concentration. The plasma concentration continues to fall, and after that moment of identical concentrations, the gradient between the plasma and the effect site favors drug removal from the effect site and the effect site concentrations decrease.


Examining the different values of t ½ ke0 in figure 3 shows that as t ½ ke0 increases, the time to reach the peak apparent biophase concentra​tion also increases. Concurrently, the magnitude of the peak effect site concentration relative to the initial plasma concentration decreases because slower equilibration between the plasma and biophase allows more drug to be distributed to other peripheral tissues. 




Figure 4: The plasma and effect site concentrations following a bolus or infusion of propofol.

Figure 4 shows the plasma con​centra​tions and the apparent biophase con​centra​tions after a bolus and 10 min infusion of propofol. The degree of disequi​librium is less after an infusion than after a bolus. Thus, during an infusion the ob​served drug effect paral​lels the plasma drug con​centration to a greater extent than after a bolus.




Figure 5: The effect site concentrations over time for doses of fentanyl that target the high and low edges of the therapeutic window.

Let us now integrate our the sigmoidal relationship between concentration and effect, the concept of the therapeutic window, and the equilibration delay between the plasma and the site of drug effect. One must first identify, preferably with full concentration-response relationships, the edges of the therapeutic window. One can then produce dosage regimens that produce concentrations within the therapeutic window at the site of drug effect. The technique will be discussed below for intravenous drugs. One need also consider the rate of onset, as a small dose will result in a slower onset to a given effect than a larger dose. However, a larger dose will be more likely to exceed the therapeutic window, and possible cause toxic effects. For example, figure 5 shows the biophase concentrations after two differ​ent bolus doses of fentanyl designed to achieve the high and low edges of the therapeutic window for supplementing an induction with thiopental. The larger dose of fentanyl produc​es a rapid onset of drug effect and adequate biophase concen​trations for a several minutes. The biophase concentration from the lower dose momentarily brushes against the lower edge of the therapeutic window.


To conclude, the biophase is an essential concept in understanding the pharmacodynamics of the intravenous anesthetics. Clinicians intuitively understand the time course of plasma-biophase equilibration because we time our induction doses so that we intubation patients at peak biophase concentrations. As new drugs are introduced into clinical practice, understanding the plasma-effect site equilibration will lead to more rational use of these drugs 
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