
The fitness cost of antibiotic resistance: 
the role of observational data



Outline

• What is antibiotic resistance, what is fitness cost and why do we care?


• What do experiments tell us and why we need observational data?


• How do we infer fitness cost from observational data?


• Problems with observational approaches.


• What could we do instead.



1. Fitness cost of resistance: why do we care?

Source: The Economist



Murray et al., The Lancet, 2022 

Global deaths 2019: 

• 4.95 million (associated) 

• 1.27 million (attributable)



Source: Our world in data



Associated: 4.95 million

Attribuable: 1.27 million



Resistance and its cost

Source: Darby et al., Nature Reviews Microbiology, 2022 



Why do we think there is a fitness cost?

Krieger et al., 2020, Plos Computational Biology



Why do we think there is a fitness cost?
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Why does fitness cost matter?

Less affected by 
antibiotics Fitness cost

Advantage Disadvantage



Why does fitness cost matter?
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Lipsitch, Trends in Microbiology, 2001



2. What do experiments tell us?



Measuring fitness cost experimentally

Anderson & Hughes, 2010, Nature Reviews Microbiology



Key insights from experimental work

• Measurable fitness cost often found, but not always.


• Results are sensitive to environmental variation.


• Compensatory evolution is common.

Anderson & Hughes, 2010, Nature Reviews Microbiology



Key insights from experimental work

Melnyk, 2014, Evolutionary Applications



Does this translate to epidemiological scale?

vs



3. Inferring fitness cost from observational data



Qualitative insights

Lipsitch, Trends in Microbiology, 2001

rela t ionship in this study, but if one at t r ibutes the
observed decl ine in resistance to the intervent ion ,
then the approximate t imescale of that decl ine
(est imated as the t ime required for the proport ion of
isola tes resistant to the drug to decl ine by 50%) is on
the order of five years. A similar a t tempt was made in
Iceland to control the spread of a highly successful
penici l l in-resistant clone of Streptococcus
pneumoniae by curtai l ing the use of β-lactam
antibiot ics. In this case, penici l l in resistance decl ined
by ~25% over four years31. T he dynamics of highly
successful clones, which can be dr iven by factors 
other than ant ibiot ic use, could also complicate
interpretat ion of changes in resistance, par t icular ly
in the la t ter case32. Perhaps most pessimist ic is the
recent finding that the almost complete cessat ion of
sulfonamide use in the U K during the 1990s was
accompanied by a small increase in the prevalence of
resistance to this class of drugs in Escher ichia col i .
A likely explanat ion is that plasmids containing
sulfa-resistance determinants a lso contained genes
encoding resistance to other ant ibiot ics, whose

continuing use during the study-period maintained
select ion for the mult i-resistance plasmids33.

Taken together, these l imited data suggest that
intervent ions to control ant imicrobial use could, in
certain cases, result in decl ines in resistance in
community-acquired pathogens, but expecta t ions 
for their success should be moderate. In the most
successful cases, a t least five years, and perhaps
more, are required to observe a substant ia l decl ine in
resistance, even fol lowing large-scale in tervent ions 
to control ant imicrobial use. Such knowledge is vi ta l
in planning and evaluat ing the success of such
intervent ions; if these examples are typical, then
long-term intervent ions (and evaluat ions) wil l be
required if one wishes to observe their effects.

What determines the rate at which a bacterial
population responds to reduct ions in the use of
antimicrobials? Mathematical models suggest that a
key parameter determining this rate for community-
acquired infect ions is the ‘fi tness cost’ of antimicrobial
resistance, defined as the difference in transmissibili ty
between a drug-susceptible and a drug-resistant
pathogen, in the absence of antibiotic treatment34–36.
On the one hand, if drug resistance imposes a
substantial cost on the transmissibili ty of an organism,
then we would expect that once select ion (i.e. antibiotic
treatment) is reduced, susceptible organisms would
rapidly replace resistant ones in the population. On the
other hand, if resistance has no such cost, then even the
complete cessation of antibiotic treatment would leave
no net select ive force favoring a return of susceptibili ty.
In the worst case, i t is possible that resistance genes
could find their way into bacterial clones that are
highly successful (transmissible) for reasons other
than resistance; in this case, one might expect
continued increases in resistance even in the absence
of antimicrobial treatment.

T he magni tude of th is fi tness cost is the subject of
considerable exper imenta l invest iga t ion a t present14.
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Strategies to control resistance in TB differ
considerably from those contemplated for other
com munity-acquired infections. There are several
reasons for these differences: the high case-fatality
rate of untreated disease, the importance of
treatment in preventing transm ission, and the need
for sustained multidrug therapy to prevent
emergence of resistance in treated patients. Indeed,
the directly observed therapy (short course), or DOTS
strategy recom mended for TB control programs
worldw ide, emphasizes use of sufficient doses of an
adequate number of drugs to prevent resistance from
emerging during treatmenta. The need for additional
case-finding, treatment and infection-control
measures to prevent the spread of multiply resistant
TB became apparent in the United States in the early
1990s (Ref. b) and is now receiving increasing

attention worldw idec,d. Thus, in contrast to other
infections, where efforts to control resistance often
involve reducing antim icrobial use, efforts to control
resistance in TB require increased access to and
assurance of adherence to appropriate antim icrobial
treatment, in addition to other measures to prevent
transm ission.

References
a W H O (2001) G lobal tuberculosis control. W H O Report 2001

(W H O/C DS/T B/2001.287), W H O
b B loch , A .B . et a l . (1994) N at ionwide survey of drug-resistant

tuberculosis in the United States. J . Am. Med. Assoc. 271, 665–671
c F armer, P. and K im , J .Y. (1998) Community based approaches

to the control of mult idrug resistant tuberculosis: in t roducing
‘D O TS-plus’. B r. Med . J . 317, 671–674

d W H O (2000) G uidelines for establishing D O TS-plus pi lot
programs for the management of mult idrug resistant
tuberculosis (M D R-T B). (W H O/C DS/T B/2000.279), W H O

Box 3. Controlling drug resistance in TB
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Fig. 1. Changes in macrolide use (circles) and resistance to macrolides (triangles) in group A
streptococci (G AS) in Finland, 1988–1996. The dashed line shows the reported halving of the
proportion resistant from 1992–1996. Modified from Ref. 30.



Qualitative insights

the small decrease was continuous or extrapolated
from two measurements. Importantly, the decrease
was from a very high level of resistance, and the change
could not possibly affect the empirical utility of these
drugs. Gottesman and co-workers presented data on
ciprofloxacin resistance in E. coli in relation to a
nationwide restriction in ciprofloxacin use in Israel
(due to a threat of anthrax attacks). Interrupted time
series analysis showed a significant decrease in cipro-
floxacin resistance from 12% to 9% in the course of a
6-month intervention, gradually reaching a reduction
from 7,000 DDD/month to 4,500 DDD/month (66).
The study has several limitations. There was little
information on methodological or interpretative
aspects of susceptibility testing. Thus, associated resis-
tance rates in fluoroquinolone-resistant E. coli were
not reported or discussed. The rapid effect on resis-
tance rates is theoretically unlikely as recent data
indicate the initial fitness cost of fluoroquinolone
resistance in E. coli to be rapidly compensated for (14).
In view of the results of the seven studies performed

so far on the effects of reduced antibiotic use in the
community (Table I), together with the pronounced
associated resistance rates and seemingly low epide-
miological fitness cost of resistance determinants, we
should probably not expect that even major antibiotic
interventions will dramatically affect resistance rates
in the community (41). However, new strategies
might prove efficient to counteract resistance devel-
opment in some species. Vaccination against impor-
tant serotypes of S. pneumoniae has been proven
effective in reducing antibiotic resistance in clinical
infections (58,67).

Conclusions

The potential of reversing antibiotic resistance
through the reduction of antibiotic use will be depen-
dent on the fitness cost of the resistance mechanism,

the epidemic potential of the bacteria/strain, and the
transmission route of the species. Both S. pyogenes and
S. pneumoniae have a well-known epidemic potential
(68–72). The transmission routes for E. coli and other
Enterobacteriaceae are more indirect and will be
dependent on living standards, water, and food supply
(73,74). These differences are probably of great
importance and should be incorporated in new strat-
egies aiming at limiting the burden of antibiotic
resistance.
So far, we may have overestimated the usefulness of

a strategy for reversing antimicrobial resistance based
on the fitness cost of resistance. We have at the same
time underestimated the conserving effects of associ-
ated resistance and the fundamental importance of
clonal spread of both susceptible and resistant clones
especially among bacteria not being part of our
commensal flora. We can expect every molecule of
antibiotics wherever present to select for the persis-
tence of antibiotic-resistant strains (75). The normal
faecal flora is an important reservoir for the develop-
ment and selection of resistant bacteria. The carriage
of ESBL-producing E. coli has increased dramatically
during the last years, underlining the importance of
the continuous selection of subpopulations of already
resistant bacteria in the faecal flora. Globalization,
the rapid and frequent traveling and the increasing
international market exchange of foods and feeds,
and modern health care will increase the spread
and selection of resistant bacteria favouring the
persistence of multi-resistant bacteria.
Importantly, this situation, where antibiotic resis-

tance does not seem obviously reversible, must not
make us reluctant to impose the measures that might
postpone the increase in antibiotic resistance. The
overall use of antibiotics must be reduced. The
prudent use of antibiotics should always be promoted.
Prudent means: always appropriate, less in many
cases, but occasionally some patients will need

Table I. Studies evaluating the effect on resistance rates of large-scale reductions in antibiotic use in the community.

Country (ref.) Species Antibiotic(s) Intervention/evaluation Study design
Resistance
frequency

Finland (21) S. pyogenes Macrolides Nationwide/nationwide Prospective Decrease

Island (22) S. pneumoniae b-lactams and more Nationwide/nationwide Prospective Decrease

Great Britain (62,63) E. coli SXT Nationwide/local Retrospective Increase

Great Britain (64) E. coli streptomycin Nationwide/local Retrospective No effect

Sweden (59) E. coli TMP, SXT County/county Prospective Marginal
effect

Great Britain (65) E. coli AMP, TMP, and more PHC/PHC Retrospective Decrease

Israel (66) E. coli FQX County/county Retrospective Decrease

AMP = Ampicillin; FQX = Fluoroquinolones; SXT = Trimethoprim-sulfamethoxazole; TMP = Trimethoprim.

Reversibility of antibiotic resistance 145

Sundqvist, 2014, Upsala Journal of Medical Sciences



Quantitative insights

• Longitudinal data on resistance frequencies.


• (Ideally) longitudinal data on antibiotic consumption.


• A model of transmission.



Estimating fitness cost using a model

IR: colonised with 
resistant strain

IS: colonised with 
sensitive strain

(1-cβ)βIR βIS

µ/(1-cµ) µ + τ 

β: transmission rate µ: clearance rate

c: cost of resistance τ: treatment rate



Estimating fitness cost using a model
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Phylodyamics-based approach

• Phylodynamics aims to infer transmission dynamics from phylogenetic 
information.


• This approach allows using genetic information instead of longitudinal 
data on resistance frequencies.



Helekal et al., 2023, J. R. Soc Interface



Study Species Drug Approach Cost affects Magnitude

Luciani et al. Mycobacterium tuberculosis TB treatment Population model Transmission ~ [0 - 0.3]

Knight et al. Mycobacterium tuberculosis Multi-drug Household model
Transmission

Progression to disease

Both

~ 0.7

~ 0.6

~ 0.5

Maher et al. Streptococcus pneumoniae Macrolides Population model Transmission ~ [0.05 - 0.2]

Whittles et al. Neisseria gonorrhoeae Cefixime Population model Recovery rate ~ 1.8 
(multiplicative)

Helekal et al. Neisseria gonorrhoeae Fluoroquinolone Phylodynamics Recovery rate > 0

Pečerska et al. Mycobacterium tuberculosis Multi-drug Phylodynamics Transmission ~0.36

Summary of studies



4. Limitations of observational approaches



4. Limitations of observational approaches

• Correlation vs causation: 
- Other factors affecting success of resistant lineages. 
- Was resistance at equilibrium?


• Need to assume a transmission model



Why model structure in uncertain: 
The problem of coexistence

IR: colonised with 
resistant strain

IS: colonised with 
sensitive strain



The problem of coexistence

Colijn et al., 2010, J. R. Soc Interface
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Models that could explain coexistence

• Host population heterogeneity.


• Strain structure.


• Within-host dynamics.


• Mutation-selection balance.

See reference list



Evaluating plausibility of mechanisms is difficult

See reference list
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Example: mutation-selection balance

Sensitive Resistant

Mutation/acquisition rate (m)

Cost (negative selection) (c)

Frequency of resistance = m/c

Pennings, 2023, medRxiv



Fitness cost: catch 22

• Difficult to infer fitness cost without a good model


• Difficult to infer model without an estimate of fitness cost



5. What could we do instead?



5. What could we do instead?

Colonised with resistant Colonised with sensitive Uncolonised

Time



5. What could we do instead?

• Aim is to measure the cost directly from data.


• No need to assume which component of fitness is affected.


• Needs a lot of data; not many examples to be found. 
Grandjean et al., 2015, Plos Medicine 



Summary

• Fitness cost of resistance is a key parameter


• Experimental approaches tell us a lot but not enough


• Observational studies are an important complementary approach


• Uncertainty limits model-based approaches


• Need for models that do not depend on transmission model
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