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cientific literature is a record of pursuing the truth (Sox and 
Rennie ). In business or politics, some level of dishonesty or 

corruption is expected or can be overlooked as it is generally accept-
ed as an unavoidable part of the profession. On the other hand, 
scientific research is done to find the truth and hence dishonesty 
even at small levels contradicts its fundamental aim (Beisiege ). 
It is a general belief that the scientific community is relatively free of 
corruption and adopts good scientific practices. However, science in 
recent times has become a big business and has been influenced by 
financial interests and pressure groups (Resnik ). Billions of 
dollars are spent each year for research and development by gov-
ernments and private industries. Being the owners of companies and 
intellectual property rights, many scientists now have a financial stake 
in research (Resnik ). Moreover, universities have commercial 
interests as they can patent their employees’ research and collect 
royalties. 

Research misconduct is on the rise and, in a recent survey, it was 
reported that more than a third of US scientists have engaged in 
scientific misconduct (Wadman ). Research misconduct general-
ly includes data falsification, fabrication and plagiarism (FFP) 
(Martyn ). Even though explicit FFP are rare, misconduct other 
than FFP can be more common (Martinson et al. ). It is also 
argued that research that is not needed or that constitutes poor value 
for the money should be considered as misconduct (Smith ) 
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since most of the money spent by researchers is produced by the 
taxpayer. 

Many scientists obtain funding through government grants and 
contracts, which are also an important source of revenue for the 
universities (Resnik ). The indirect cost included in the grants 
(which is approximately % of the direct cost) is intended to cover 
the administrative costs associated with the research activities (Res-
nik ). Since the left over money can be used for other purposes, 
universities benefit from obtaining more research grants. It is no 
wonder that the scientists who bring in the most grant money have a 
greater influence in their department and in the university.  Thus, 
obtaining funding from the government or from private sources is 
very important for scientists to remain in their research field. The 
pressure to obtain funding may encourage at least some of them to 
falsify or fabricate data during grant applications. The same pressure 
may also be at work during the submission of articles to scientific 
journals, since the number of publications is generally considered to 
be a measure of research productivity. Even though the individual 
researcher or the university benefits from the situation, the scientific 
community and the taxpayer become the ultimate losers. 

In this book, I have focused on how researchers misinterpret 
their data and create illusions with the intention of developing an 
attractive hypothesis. Through illusions, the hypothesis is made 
attractive and subsequently developed into an acknowledged scien-
tific truth following their publication in peer-reviewed journals. Later, 
it becomes difficult to challenge those findings and thus they remain 
in the scientific literature, uncorrected, for long periods of time, 
resulting in significant loss of money, time and resources. Even 
though the hypothesis may appear to be true, it is possible to identify 
the flaws by scrutinizing the subject very closely, a task expected to 
be accomplished by journal reviewers. However, many times, this 
function is not carried out precisely, resulting in the publication of 
distorted scientific views. 

The main focus of my book is to show how researchers have ex-
aggerated the ability of bacteria to cause chronic infections and 
disease outbreaks. Even though bacteria do possess the ability to 
adjust to unfavorable conditions, I argue that researchers have 
exaggerated it beyond the point of truth, probably to get more 
attention from the scientific community. 

I start with some of the fundamental concepts in pharmacoki-
netics and the pharmacodynamics of antibiotics (topics necessary for 
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studying bacterial killing kinetics but is almost completely ignored by 
molecular microbiologists). Then, I discuss four related but inde-
pendent topics: persisters, small colony variants, viable but non-
culturable bacteria and senescent bacteria. Each topic is divided into 
two sections; first, a review of the literature; and second, questioning 
the validity of the current hypothesis and findings. In the subsequent 
chapters, a simpler hypothesis is offered based on my research 
findings, after integration of all four topics. Finally, the impact of 
creating illusions in research is also discussed. 
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harmacokinetics (PK) uses mathematical models to study the 
movement of drugs through the body. It predicts the time 

course of drug concentrations and its metabolites within the body 
(Craig ; Burgess ). Pharmacokinetics is concerned with the 
absorption, distribution, biotransformation and elimination of the 
drug and thus determines the onset, duration and intensity of the 
drug action. In simple terms, it studies the fate of the drug inside the 
body. Some of the important PK parameters are the half-life of the 
drug (t/), the area under the concentration-time curve (AUC), 
peak concentration (Cmax), bioavailability and volume of distribu-
tion. Pharmacodynamics (PD), on the other hand, is related to the 
drug action and its effects i.e. how the drug binds the receptors, the 
effect of the drug after receptor binding, and its effect on the organ-
ism (Woodnutt ; Cazzola and Matera ). The most important 
PD parameters are the minimum inhibitory concentration (MIC) and 
the minimum bactericidal concentration (MBC). The combined 
PK/PD studies the dose-effect relationship of the drug (Craig ; 
Cazzola and Matera ). Important PK/PD parameters that 
determine the efficacy of antibiotics include the percentage of time 
above the MIC (t>MIC), Cmax/MIC and AUC/MIC. The 
knowledge on PK/PD allows the selection of optimal dosage regi-
men and helps to predict the clinical outcome and prevent the 
emergence of resistant organisms (Craig ; Cazzola and Matera 
). 

For an antibiotic to eradicate organisms, it should bind to the 
target sites in bacteria (cell wall components, protein synthesis 
machinery, enzymes etc.) and occupy sufficient binding sites (which 
is dependent on the concentration of antibiotics) for an adequate 
period of time. Thus, both the concentration and the time determine 
the efficacy of bacterial eradication by the antibiotics (Cazzola and 
Matera ; Craig ). Even though MIC and MBC (PD parame-
ters) give a general idea about the antibiotic’s efficacy, they can not 
give any indication about the time course of antibacterial activity nor 
can they account for the fluctuations in the concentration of antibi-
otics within the body (Mueller et al. ; Craig ; Jacobs ). 
Moreover, the antimicrobial activity tested in liquid media in the 
absence of host factors can be considerably different from the 
clinical outcome (Turnidge ). However, PK/PD parameters can 
provide a much better prediction for in vivo antibacterial activity 
(Cazzola and Matera ; Craig ; Jacobs ). 

P 
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Antibiotics differ in the PK/PD parameter that best correlates 
with the therapeutic efficacy (Craig ; Woodnutt ; Mueller et 
al. ). For β-lactam antibiotics, most of the macrolides, and 
clindamycin, the single most important parameter that determines 
efficacy is the percentage of time that the drug concentration remains 
above MIC (t>MIC) (Cazzola and Matera ; Craig ; Jacobs 
; Ambrose et al. ). This class of antibiotics is referred to as 
time-dependent antibiotics because the duration of exposure to 
antibiotics determines the extent of antibacterial activity. Here, 
achieving very high concentration of antibiotics is not required 
because concentrations above - times the MIC may not significant-
ly enhance bacterial killing (Turnidge ; Cazzola and Matera ; 
Craig ). However, maintaining the antibiotic concentration 
above the MIC for sufficiently long periods of time is critical for 
therapeutic efficacy (Craig ). Antibiotics need not be maintained 
above MIC for the whole dosing interval, but t>MIC higher than -
% can result in a high bacteriological cure rate (Craig ). How-
ever, t>MIC may vary depending on the organism (Craig ). In 
animal infection studies with cephalosporins, maximal efficacy was 
noticed when t>MIC was -% of the dosing interval for Entero-
bacteriaceae and Streptococci and %-% for Staphylococcus aureus (Craig 
). Pea and Viale () suggest that, because of the low post-
antibiotic effect exhibited by this group, the drug concentration 
should not be allowed to reach trough levels below the MIC. In 
immunocompromised patients, t>MIC may have to be increased to 
% (Mouton and Vinks ). For this class of antibiotics, contin-
uous infusion or small dosing intervals of antibiotics may help to 
maintain the plasma antibiotic concentration above the MIC for 
sufficiently long periods of time (Pea and Viale ; Navas et al. 
; Mariat et al. ). When the half-life of the drug is shorter, 
more frequent dose fractioning must be followed (Pea and Viale 
). Continuous infusion has the advantage of attaining more 
favorable PK/PD parameters than intermittent administration (Van 
Zanten et al. ; Navas et al. ; Mariat et al. ). Van Zanten et 
al. () compared the efficacy of continuous and intermittent 
administration of cefotaxime in patients with chronic obstructive 
pulmonary disease and respiratory tract infections. Even though the 
clinical cure rates were comparable, it was noticed that the continu-
ous administration had the benefit of attaining more favorable 
PK/PD parameters that can theoretically prevent resistant organisms. 
Antibiotic concentrations exceeded xMIC at all the times during the 
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continuous administration. Thus, at least against infections that are 
difficult to treat due to the problem of emergence of resistance, a 
continuous infusion may be more effective than intermittent admin-
istration (Mouton and Vinks ; Van Zanten et al. ; Navas et al. 
; Mariat et al. ). Antibiotics such as tetracyclines and vanco-
mycin also exhibit time-dependent killing (Cazzola and Matera ; 
Jacobs ; Craig ). However, they show prolonged and persis-
tent effects. In this case also, the total exposure time is the important 
parameter of efficacy, but the concentration need not be above the 
MIC throughout the dosing interval to have the maximal bactericidal 
efficacy (Cazzola and Matera ; Jacobs ). In this case, 
AUC/MIC is the major PK/PD parameter that correlates with 
therapeutic efficacy (Craig ). 

For the third class of antibiotics like aminoglycosides and fluo-
roquinolones, therapeutic efficacy is correlated with AUC/MIC and 
Cmax/MIC (Cazzola and Matera ; Burgess ; Craig ; 
Ambrose et al. ). This group of antibiotics is known as concen-
tration-dependent antibiotics. Cmax/MIC is a better predictor for 
aminoglycoside efficacy (Kashuba et al. ), whereas AUC/MIC 
predicts better for fluoroquinolones and glycopeptides (Rybak ). 
The aim of the therapy should be to maximize the Cmax/MIC or 
AUC/MIC value (Cazzola and Matera ; Burgess ; Craig 
; Kashuba et al. ). Cmax/MIC can be increased by maximiz-
ing the initial dose of the antibiotic (Burgess ). Thus, with 
aminoglycosides, the critical point to consider is that the initial dose 
should be given as high as possible, but below the level of toxicity 
(Burgess ). A Cmax/MIC ratio of - predicts successful 
clinical outcomes for aminoglycosides and fluoroquinolones and 
hence this ratio should be achieved at target sites for a favorable 
outcome (Burgess ; Kashuba et al. ; Preston et al. ; 
Ambrose et al. ). A high dose of antibiotic taken once daily can 
maximize the Cmax/MIC value (Burgess ; Pea and Viale ). 
Toxicity of these drugs, however, may limit the use of very high 
concentrations. In treatment of infections caused by bacteria exhibit-
ing high MIC against aminoglycosides, it may not be possible to 
attain a Cmax/MIC value of (Burgess ). In such cases, it 
may result in the emergence of a resistant population (Burgess ; 
Pea and Viale ). On the other hand, AUC/MIC can be maxim-
ized by either increasing the total daily dose of the antibiotic or by 
using an antibiotic with a low clearance rate such as azithromycin 
(Van Bambeke and Tulkens ). For fluoroquinolones, an 
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AUC/MIC ratio of  is associated with good clinical outcome 
against gram-negative organisms (Craig ; Schentag ) where-
as a ratio of - may be sufficient against gram-positive organisms 
(Ambrose et al. ). An advantage with the concentration-
dependent antibiotics is that they exhibit long post-antibiotic effects; 
hence sub-MIC levels can be allowed towards the end of the dosing 
intervals (Pea and Viale ). 

 
Mutant prevention concentration and mutant selection window 
Mutant prevention concentration (MPC), a relatively new concept in 
pharmacodynamics, is the lowest concentration of an antibiotic that 
can prevent the growth of a mutant population in a bacterial culture 
(Dong et al. ; Zhao and Drlica ; Drlica and Zhao ; 
Drlica ). When a bacterial culture is treated with increasing 
concentrations of fluoroquinolone, a sharp drop in the viable count 
of bacteria can be noticed initially, followed by a distinct plateau and 
subsequently by a second sharp decline in the viable count. The first 
sharp drop is due to the growth inhibition of wild type organisms, 
whereas the plateau is due to the presence of mutant subpopulations 
that are not inhibited by the antibiotic at MIC. However, as the 
concentration of antibiotic increases, the mutant subpopulations will 
also be inhibited, resulting in the second sharp drop. The concentra-
tion that prevents the growth of the first-step mutant subpopulation 
is the MPC (Dong et al. ; Zhao and Drlica ; Drlica and 
Zhao ; Drlica ). Organisms need to have two or more 
independent mutations to grow at concentrations above the MPC, 
the frequency of which is very low (Drlica and Zhao ). Any 
concentration between the MIC and MPC allows the selective 
growth of mutants, and this range of concentration between the MIC 
and MPC is the mutant selection window (MSW) (Drlica and Zhao 
). MPC is determined by plating approximately  bacterial 
cells on agar plates containing increasing concentrations of antibiot-
ics (Zhao and Drlica ; Drlica and Zhao ). The concentra-
tion of the antibiotic that does not support the growth of any bacte-
ria is taken as the MPC. Even though MIC and MPC are the concen-
trations that are responsible for the two sharp declines, there is no 
correlation between these two values (Lu et al. ; Hansen et al. 
). For example, MPC/MIC varied from  to  when  
different antibiotics were used against Mycobacterium smegmatis and 
from . to  against S. aureus (Lu et al. ). Similarly, the distinct 
plateau noticeable between the MIC and MPC may not be the same 



PHARMACOKINETICS AND PHARMACODYNAMICS 



for all antibiotic-pathogen combinations (Lu et al. ). For example, 
when penicillin was used against M. smegmatis, only an inflection 
point was detectable (Lu et al. ). The same was true when 
moxifloxacin, tetracycline, penicillin and chloramphenicol were used 
against S. aureus (Lu et al. ). 

Optimizing the dose with relation to MPC as the pharmacody-
namic parameter may not only help to achieve a therapeutic effect, 
but also prevent the emergence of a mutant population thus prevent-
ing drug resistance (Zhao and Drlica ). Maintaining the concen-
tration of fluoroquinolones above the MPC can prevent the emer-
gence of mutant strains, whereas the mutant population will be 
selected when the concentration of the antibiotic falls inside the 
MSW (Almeida et al. ; Ferran et al. ; Firsov et al. ; 
Croisier et al. ; Cui et al. a). Selection of resistant bacteria 
occurred in a rabbit lung infection model, when the time inside MSW 
(TMSW) was more than % of the total duration of treatment with 
gatifloxacin (Croisier et al. ). However, TMSW as a whole may not 
be a good predictor for the selection of fluoroquinolone-resistant 
strains because it does not take into account the position of the 
antibiotic concentration within the MSW (Firsov et al. ; Cui et al. 
a). The enrichment of mutants occurs frequently when the 
antibiotic concentration is close to the lower boundary of the MSW 
rather than to the upper boundary (Firsov et al. ; Cui et al. a). 

The PK/PD indices that could predict the prevention of re-
sistant mutants have been studied both in vitro and in vivo (Croisier et 
al. ; Ferran et al. ; Firsov et al. ; Homma et al. ; 
Zhao and Drlica ; Olofsson et al. ; Olofsson et al. ). 
Using a mouse thigh bacterial infection model, the influence of 
marbofloxacin exposure on the selection of resistant E. coli was 
studied (Ferran et al. ). Among the different PK/PD parameters 
(AUC/MIC, Cmax/MIC and TMSW), only TMSW was found to be a 
good predictor of the prevention of resistance (Ferran et al. ). 
When TMSW was higher than %, selection of the resistant popula-
tion occurred, whereas the growth of resistant mutants was prevent-
ed when TMSW was less than % of the treatment course (Ferran et 
al. ). In a related experiment, where the in vivo efficacy of gat-
ifloxacin against S. pneumoniae in an experimental model of pneumo-
nia was studied, it was found that the risk of mutation was very high 
when TMSW was above % of the course of treatment (Croisier et al. 
). However, a clear relationship between the emergence of a 
resistant population and TMSW may not be noticeable in many cases 
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(Campion et al. ; Homma et al. ). Many researchers have 
pointed out that AUC/MPC and Cmax/MPC are better predictors 
than TMSW in the prevention of resistant populations (Firsov et al. 
; Homma et al. ; Zhao and Drlica ; Olofsson et al. ; 
Olofsson et al. ). When S. pneumoniae was exposed to different 
concentrations of moxifloxacin and levofloxacin, complete eradica-
tion of the organism occurred when AUC/MPC was above . 
and Cmax/MPC above . (Homma et al. ). When these values 
were below . and . respectively, susceptibility to the antibiotics 
was found to be decreased. Similarly, an AUC/MPC of  was 
sufficient to prevent the emergence of single-step mutants of E. coli 
(Olofsson et al. ). In terms of MIC, when AUC/MIC and 
Cmax/MIC were above  h and . respectively, emergence of S. 
aureus resistant population against ciprofloxacin was avoided, but not 
when these values were below  h and ., respectively (Campion 
et al. ). 

PK/PD indices that best correlate for β-lactam antibiotics for 
the prevention of resistance are not clear. In one experiment, it was 
shown that an AUC/MIC of  can prevent the emergence of E. 
cloacae mutants against ceftizoxime (Stearne et al. ). However, in 
another experiment, no significant differences were noticed between 
MIC, MBC and MPC values when imipenem, meropenem, ceftriax-
one, and ertapenem were used against three strains of S. pneumoniae 
(Hovde et al. ). The authors concluded that MPC may not be 
applicable to β-lactams that do not utilize a dual targeting system or 
to bacteria that utilize multiple resistance mechanisms. It should be 
noted that, even though MPC has been reported for antibiotics such 
as β-lactams, aminoglycosides, daptomycin and linezolid, the majori-
ty of data published on MPC are reported for fluoroquinolones. 
Smith et al. () argued that, since chromosomal point mutations 
are not the primary resistance mechanisms for antibiotics other than 
fluoroquinolones, MPC may not be predictive for their activity. The 
authors suggest that MPC will be useful only when the mechanism of 
resistance in vivo corresponds to that evaluated in in vitro studies. 
However, other researchers argue that MPC may be applicable to 
antibiotics, including β-lactams and aminoglycosides, since the 
mutational resistance may not be limited to fluoroquinolones alone 
(Livermore ; Zhao ). 

In vitro and in vivo results indicate that MSW may be important 
clinically since the traditional PD indices target the elimination of the 
susceptible population only, whereas they ignore the mutant popula-
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tions that are selectively enriched and amplified (Epstein et al. ). 
Theoretically, PK/PD based on MPC may be helpful in the preven-
tion of resistant populations. Similarly, MSW may be useful in the 
design and screening of new antibiotics with a narrow selection 
window so that the drug concentration remains inside MSW only for 
short periods of time (Epstein et al. ). However, its clinical 
usefulness is still doubtful due to a number of limitations in using 
MPC for direct clinical applications (Epstein et al. ; Zhao ). 
The presence of phenotypically tolerant population, difficulty in 
completely reconstituting a clinical setting for measurement of MPC, 
inability to kill resistant organisms and the lack of animal or human 
trials are some of the limitations in using MPC (Epstein et al. ; 
Zhao ). Moreover, doses required to prevent the growth of 
resistant populations can be much higher and thus carry the risk of 
adverse toxic effects (Epstein et al. ). 

 
Inoculum effect 
The inoculum effect is the increase in the MIC of an antibiotic when 
a higher inoculum size is used (Brook ; Craig et al. ). It was 
first reported in penicillinase-producing Staphylococcus aureus in which 
the inoculum effect was mainly due to the production of penicillinase 
enzyme that destroys the antibiotic (Benner et al. ; Sabath et al. 
; Brook ). However, inoculum effect has been reported 
with other bacteria also (Balko et al.; Thomson and Moland 
; Brook ; Soriano et al. a; Kang et al. ). Traditional-
ly, small inoculum sizes are used in determining the MIC or MBC 
values. However, during infections, the number of bacteria per ml of 
biological fluids can be much higher. Hence, some researchers argue 
that the MIC determined by the standard dilution method may not 
be appropriate in vivo (Soriano et al. ; Soriano and Ponte ). 

The inoculum effect can be clearly demonstrated with β-lactam 
antibiotics, even though other antibiotics also show this effect 
(Brook ; Konig et al. ; Szabo et al. ; Morrissey and 
Smith ; Morrissey and George ). Even among the β-lactam 
groups, there are considerable differences between the antibiotics 
exhibiting the inoculum effect (Eng et al. ; Soriano et al. b; 
Tam et al. ). It can be consistently detected with cefepime, 
cefotaxime, and ceftriaxone against extended spectrum β-lactamase 
(ESBL)-producing gram-negative pathogens, but only sometimes 
detected with piperacillin-tazobactam and infrequently detected with 
meropenem and cefoteten (Thomson and Moland ). Similarly, 
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Burgess and Hall () noticed that piperacillin-tazobactam and 
cefepime were bactericidal against non-ESBL isolates of Klebsiella 
pneumonia at both standard and high inoculum sizes, but exhibited a 
significant inoculum effect against ESBL isolates, whereas mero-
penem and imipenem were bactericidal against both ESBL and non-
ESBL isolates at any inoculum size. Similarly, the treatment failure in 
patients with aortic valve endocarditis caused by methicillin-
susceptible Staphylococcus aureus was attributed to the inactivation of 
cefazolin by S. aureus type A β-lactamase (Nannini et al. ). 

The inoculum effect can result from the ability of the bacteria to 
produce enzymes that hydrolyze the antibiotics (Craig et al. ). At 
high inoculum sizes, the initial bacterial killing may release more β-
lactamases into the medium, hydrolyzing the antibiotics, resulting in 
more survivors and thus a higher MIC value (Craig et al. ). 
However, the inoculum effect can also result from reasons other 
than the ability of bacteria to produce enzymes that destroy the 
antibiotics (Stevens et al. ; Morrissey and Smith ; Udekwu et 
al. ). Stevens et al. () hypothesized that during the stationary 
phase of bacterial culture growth, reduced expression of some 
penicillin-binding proteins (PBPs) can result in lower binding of 
antibiotics that may account for the inoculum effect. (However, this 
may be more related to the bacterial growth phase rather than to the 
inoculum effect itself. Whereas stationary phase bacteria were used in 
the above case, high cell density of exponential phase bacteria is 
generally used in experiments demonstrating the inoculum effect). 
The inoculum effect has also been attributed to reduced oxygen 
tension at high cell densities (Morrissey and Smith ). Moreover, 
the inoculum effect can also be noticed with non-ESBL pathogens 
and with organisms other than bacteria. A modest or substantial 
inoculum effect was noticed with six antibiotics (oxacillin, gentami-
cin, vancomycin, daptomycin, linezolid and ciprofloxacin) against β-
lactamase-negative, methicillin-sensitive S. aureus (Udekwu et al. ). 
The inoculum effect for daptomycin and vancomycin was due to the 
loss of biological activity of the antibiotics at high cell densities, 
whereas for the other four antibiotics, it was due to a decrease in the 
antibiotic concentration per cell. Similarly, the inoculum effect is not 
restricted to bacteria alone (Steels et al. ; Gluzman et al. ; 
Takemura et al. a; Takemura et al. b; Kobayashi et al. ). 
Zygosaccharomyces bailii exhibited an inoculum effect against sorbic acid 
which was not due to metabolizing enzymes or adsorption of sorbic 
acid nor due to the lack of cell-to-cell signals in the medium (Steels et 
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al. ). In addition, the inoculum effect of Plasmodium falciparum 
against chloroquine was not due to inactivating enzymes, but rather 
to reduced drug accumulation per parasite (Gluzman et al. ). 
Similarly, cytotoxicity of many anticancer drugs decreases with tumor 
cell densities (Takemura et al. a; Takemura et al. b; Koba-
yashi et al. ). The reduction in the cytotoxicity of both vincristine 
and doxorubicin was not due to the acidification of the medium at 
high cell density but was due to the lower number of drug molecules 
binding to the cellular target sites (Kobayashi et al. ). Takemura 
et al. (a, b) found a significant inoculum effect with doxorubicin 
but not with cisplatin. At high cell densities, there was reduction in 
doxorubicin accumulation in cells whereas cellular accumulation of 
cisplatin was almost the same at any density (Takemura et al. a, 
b). Thus, reduction in drug accumulation by cells and loss of biologi-
cal activity of antibiotics can be additional factors for an in vitro 
inoculum effect. 

The inoculum effect exhibited by antibiotics like vancomycin can 
be indeed due to the loss of its biological activity (Yanagisawa et al. 
; Sieradzki and Tomasz ; Cui et al. b). When β-lactam-
induced VAN-resistant and methicillin-resistant S. aureus culture was 
grown in the presence of vancomycin at µg/ml, the free vancomy-
cin in the culture medium decreased to .µg/ml in the first  h 
(Yanagisawa et al. ). However, cell growth was not detectable 
during this period indicating that the drug concentration was bacteri-
ostatic. However, by  h, the vancomycin concentration was further 
reduced to approximately . µg/ml resulting in the re-growth of the 
cells. The gradual removal of vancomycin from the medium can be 
due to the trapping of the antibiotic molecules in the cell wall 
(Sieradzki and Tomasz ; Cui et al. b) and/or due to the 
binding of antibiotics to the D-alanyl-D-alanine residues located in 
the cell wall which block murein hydrolases from attaching to its 
substrate, thus inhibiting cell wall lysis (Sieradzki and Tomasz ). 

Antibiotics other than β-lactam types show modest to no inocu-
lum effect, and the published findings show some inconsistencies in 
this regard. In general, antibiotics like aminoglycosides (Brook ; 
Konig et al. ; Szabo et al. ), fluoroquinolones (Konig et al. 
; Firsov et al. ), carbapenems (Brook ; Konig et al. ; 
Kang et al. ) and linezolid (LaPlante and Rybak ; Udekwu et 
al. ) show minimal inoculum effects. LaPlante and Rybak () 
studied the impact of high inoculum Staphylococcus aureus (both methi-
cillin-susceptible and resistant S. aureus) on the activities of different 
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antibiotics. At moderate inoculum, nafcillin, vancomycin and dap-
tomycin were bactericidal and killed .% of bacteria, whereas 
linezolid was bacteriostatic. At high inoculum, MIC against methicil-
lin-susceptible S. aureus increased -fold for daptomycin and -fold 
for nafcillin and vancomycin, whereas it remained unchanged for 
linezolid. This was true for methicillin-resistant S. aureus also, except 
for nafcillin, which showed more than a -fold increase in MIC. 
These results were almost consistent with Udekwu et al. (). 
However, a -fold increase in MIC due to high inoculum had only a 
minimal effect on the bactericidal activity of daptomycin (LaPlante 
and Rybak, ). Thus, high inoculum had an impact only on 
nafcillin and vancomycin, whereas daptomycin was affected minimal-
ly and no effect was noticed on the activity of linezolid. 

Even though the phenomenon of the inoculum effect can be 
seen in in vitro tests, its in vivo significance is still debated. Based on a 
positive inoculum effect, some researchers argue that, when using 
t>MIC as the parameter for predicting the efficacy of β-lactams, the 
correlation will be better if MIC obtained from a large inoculum is 
used rather than using MIC obtained from the standard inoculum 
(Nannini et al. ; Soriano et al. b; Soriano et al. ; Soriano 
and Ponte ). Soriano and Ponte () warn that the treated 
animals may die if the MIC from the standard inoculum is used. 
Similarly, Nannini et al. () concluded that the inoculum effect 
with cefazolin might result in the treatment failure in infections 
caused by MSSA. This conclusion was based on the study on three 
of the six subjects with MSSA isolates producing β-lactamase typeA 
who failed cefazolin therapy and on six other patients from whom 
no MSSA strains were isolated but had successful treatment with 
cefazolin. However, the finding may not have statistical significance 
as suggested by the authors themselves and it is not known whether 
the six subjects who failed cefazolin therapy had maintained 
sufficient t>MIC, the most important predictor of efficacy. In 
another experiment, an in vitro susceptibility test with t>MIC calcu-
lated using low inoculum of ESBL-producing Klebsiella pneumoniae 
was shown to be predictive of in vivo outcomes for amikacin and 
imipenem but not for cefepime (Szabo et al. ). Similarly, the 
activities of nafcillin and vancomycin were significantly reduced by a 
high inoculum of S. aureus whereas the inoculum least affected 
daptomycin and linezolid activities (LaPlante and Rybak ). 

On the other hand, many researchers consider the inoculum ef-
fect to be only a laboratory phenomenon and an artifact and support 
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the use of conventional MIC values for the PK/PD assessment of 
antibiotics (Craig et al. ; Brook ; Maglio et al. ; Bhavnani 
et al. ). It is argued that in vitro inoculum effect is only due to the 
effects of hydrolyzing enzymes produced by bacteria, which may 
increase in vitro MIC but may not have significance in clinical settings 
where the dosing regimens are repeated for days (Craig et al. ). 
For both low and high inocula of ESBL-producing E. coli, the same 
dose of cefepime produced similar reductions in bacterial density 
when t>MIC exceeded % (Maglio et al. ). Similarly, no 
significant differences were noticed between ESBL and non-ESBL 
producing E. coli in the magnitude of kill when t>MIC was % 
(Maglio et al. ). In a rabbit model of endophthalmitis, cefopera-
zone and imipenem were found to be effective in reducing the 
bacterial density of a high inoculum of Klebsiella pneumoniae even 
though MIC was calculated using the standard inoculum size (Davey 
and Barza ). Similarly, significant bacterial killing of three ESBL 
isolates of E. coli was noticed when t>MIC of -% and -% 
was achieved for meropenem and ertapenem, respectively (DeRyke et 
al. ). In this case also, MIC was calculated using only the stand-
ard inoculum size even though a -fold increase in MIC was noticed 
with a high inoculum size. 

 
Post-antibiotic effect 
Post-antibiotic effect (PAE) refers to the continued suppression of 
bacterial growth even after the removal of antibiotics following an 
initial exposure of bacteria to antibiotics (McDonald et al. ; 
Bundtzen et al. ; MacKenzie and Gould ). Thus, it is the 
time taken by a bacterial culture exposed to antibiotics to resume 
growth after the removal of the antibiotic from the medium. The 
exact mechanisms for the phenomenon of PAE are not clear. It can 
be due to sublethal damage to the organism due to the exposure to 
antibiotics thus requiring more time for repair (den Hollander et al. 
), the persistence of antibiotics retained in the cell which may 
still exert an inhibitory effect (Stubbings et al. ; Stubbings et al. 
), or the emergence of phenotypically resistant subpopulations 
(den Hollander et al. ). den Hollander et al. () argued that 
intra-bacterial antibiotics may only have a small effect and that the 
PAE could be predominantly due to sublethal damage in the bacteria, 
resulting in decreased DNA, RNA or protein synthesis. The recovery 
from aminoglycoside-induced PAE may correspond to the recovery 
of protein synthesis (Barmada et al. ; Stubbings et al. ), 




