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Abstract
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susceptibility test. From prototype to clinical implementation. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Medicine 1738. 62 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-1176-0.

Even though bacteria normally are rapidly cleared from the blood by the immune system, a
blood stream infection may arise, in turn possibly leading to sepsis and septic shock. Sepsis is
a life-threatening condition, where the inflammatory response to infection targets tissues and
organs. Mortality in sepsis is very high, at 25-30%, but can be reduced by early and appropriate
antibiotic treatment. The time until appropriate antibiotic therapy is started impacts mortality
and morbidity to a large extent, from 1-7% increase in mortality per hour of delayed treatment
in sepsis and septic shock. However, with increasing antimicrobial resistance globally, the
likelihood of successful treatment is continuously reduced. Antimicrobial resistance emphasizes
the need for diagnostics to guide therapy, but traditional antimicrobial susceptibility testing is
often inadequate in time-critical disease such as sepsis. Subsequently, there is an urgent need
for new, more rapid and accurate antibiotic susceptibility tests. One challenge to improving the
speed of phenotypic susceptibility testing is the need to rapidly, accurately and non-invasively
capture data from a very large collection of cells. Furthermore, development of new diagnostic
methods for patients in critical condition, such as sepsis, demands high reliability and accuracy
of the method – a false test result can lead to suboptimal therapy, and in turn increased morbidity
and ultimately death. This thesis presents a series of prototype rapid antibiotic susceptibility
testing (AST) systems using a low-magnification, wide-field optical setup with high cell-mass
resolution for simultaneously quantifying bacterial growth rates of tens of thousands of bacterial
cell clusters growing in antibiotic gradients generated using microfluidics. Performance data
from spiked reference blood samples show that the analytical performance of the system is good,
with mean essential agreement of 83.2% against reference methods. The average time to result
for the reference dataset was 180 min. For clinical samples, the method was demonstrated to
have high categorical agreement with disc diffusion (94.9%), as tested at Uppsala University
Hospital. Furthermore, the time from patient sampling until test result availability (turnaround-
time) was reduced by 40%. The thesis concludes with a discussion of the recent experimental
work and a summary concerning the potential applications of this technology. In summary, rapid
diagnostics capable of shorter turnaround times could enable earlier de-escalation of broad-
spectrum empirical therapy, as well as enable rapid adjustments to treatments when coverage is
lacking. This is likely to reduce mortality as well as healthcare costs associated with increasing
resistance.
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Introduction 

The prokaryotes predate multicellular, eukaryotic lifeforms by billions of 
years. They have been a constant companion during our evolutionary history, 
and our domains of life are inextricably linked together by uncountable sym-
biotic and antagonistic relationships – indeed, even fundamental organelles in 
eukaryotic cells such as mitochondria likely derive from prokaryotic organ-
isms ingested by our amoeba-like forefathers, gradually forming an endosym-
biotic relationship. A normal, healthy human today carries approximately the 
same number of prokaryotic, bacterial cells in his or her body as number of 
human cells1, located primarily in the gastrointestinal tract and on the skin. 
These bacteria form an ecological system referred to as the human microbiota, 
whose existence and activity is absolutely essential to maintaining normal 
physiological function of the body2. In this context, it is important to under-
stand that from the perspective of a single-cell organism, a multicellular or-
ganism like the human body essentially represents an enormous collection of 
highly concentrated and refined nutrients, the veritable Eldorado of ecological 
niches. Only through the efficient action of our barrier surfaces, like mucosa 
and epidermis, as well as our innate and active immune system do we keep 
the constant threat of microorganisms at bay, whether benign or pathogenic. 
But sometimes, these defenses fail us – allowing microorganisms to invade 
and multiply, until we succumb to the infection and die. 

Antibiotics and antibiotic resistance 
Even though traditional medicine utilizing natural compounds found in plants 
and molds has been practiced for millennia, the efficacy has been negligible 
and mortality in infectious disease has historically been very high3. The in-
vention of the first antimicrobials in the beginning of the 20th century, follow-
ing advances made in the basic sciences of microbiology and chemistry, marks 
a paradigm shift in the history of medicine. For example, the first widely avail-
able and effective antimicrobial drugs, the organoarsenics and the sulphona-
mide drugs, proved useful against syphilis and streptococcal infections respec-
tively, which led to an unprecedented drop in mortality in some infectious 
diseases at the beginning of the 20th century4 – for example, one hospital in 
London reported a decrease in childbed mortality from 24% to 4.7% within 
one single year after the introduction of the sulphonamide drug Prontosil5. The 
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main problem with these nascent antimicrobial drugs was their relative tox-
icity, combined with a narrow spectrum of activity – even so, sulfonamides 
remain widely in use today; even if their inventors (Josef Klarer, Fritz Mie-
tzsch, and Gerhard Domagk) have slipped into obscurity. The next major rev-
olution would be the introduction of penicillin, contrary to popular belief not 
the first available antimicrobial but instead the first naturally sourced antibi-
otic. Penicillin was famously discovered by Alexander Fleming in 1928 but 
only reached widespread use as a result of the Second World War4, and the 
concerted action of Howard Florey and Ernst Chain to purify, scale up pro-
duction and verify the clinical utility of penicillin. Penicillin was quickly seen 
as a vital war resource, and penicillin treatments by the Allied side during the 
war has been said to have “saved as many lives and mitigated as much suffer-
ing, as the war cost us”4. Penicillin, which mainly targets Gram-positive bac-
teria, was quickly followed by streptomycin, mainly targeting Gram-negative 
bacteria and Mycobacterium tuberculosis6. It is hard to overstate the dramatic 
impact on global health which followed as a result of introducing these general 
broad-spectrum antibiotics. As an example, in the Western world mortality 
from tuberculosis in children under 15 decreased by 90% in only 9 years after 
the introduction of streptomycin4. In the following years during the mid-20th 
century, the expanding armamentarium of safe, cheap and effective antibiotics 
led to a near elimination of mortality in several common bacterial diseases in 
the western world, a period which we today refer to as the golden age of anti-
biotics. Ultimately, in 1969 the US Surgeon General William H. Stewart an-
nounced to the US congress: “The time has come to close the book on infec-
tious disease.”7. 

In retrospect, at this time dark clouds could already be seen on the horizon. 
Fleming himself observed in 1945 during his Nobel Prize acceptance speech 
that resistance to penicillin was easily achieved in the laboratory by repeated 
underdosing8, and already 1949 more than half of Streptococcus pyogenes iso-
lates in a UK hospital were resistant to penicillin9 – i.e., in less than a decade 
after its introduction we were already facing significant levels of resistance. 
The story would repeat itself after each introduction of a new antibiotic on the 
market. Antibiotic resistance has since grown into an enormous challenge to 
modern healthcare, as one of the most critical medical and societal problems 
of our time, approaching magnitudes of socio-economic impact over the com-
ing decades similar to global warming, peak oil and the overpopulation cri-
sis10. These problems can all be described as ‘super-wicked problems’11, es-
sentially meaning problems with high societal impact, where time to act is 
running out and without any obvious solution. It’s not inconceivable that in 
the near future, essential medical procedures such as cancer chemotherapy, 
deep surgery, hip replacements, and transplantations will carry too high risk 
for secondary infections untreatable by antibiotics, and therefore become in-
accessible. This will in turn will affect our modern society in innumerable 
ways. Access to effective antibiotics is also important to ensure animal health  
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and a humane rearing of animals12 as well as for maintaining global food pro-
duction13. According to the O’Neill report10, economic costs alone in terms of 
lost economic production from present to year 2050 may exceed 100 trillion 
USD, and death rates associated with antimicrobial resistance may increase 
from 700 000 to over 10 million per year during the same period should no 
action be taken.  

Today, resistance rates are growing continuously and rapidly; as an exam-
ple, resistance to the broadly used first-line drugs of the 3rd generation cepha-
losporin class has increased from very low levels in Europe (<5%) to ap-
proaching 25% in most countries in the span of a decade (Figure 1a). The 
reason we ended up in this situation is incredibly complex, and primary causes 
are still under debate. It is clear however that the combination of lax prescrip-
tion routines, extensive non-medical use such as growth promotion in live-
stock rearing, lack of access to essential diagnostics, antibiotic release in 
wastewater and environment from production sites and hospitals, and poor 
hygienic standards and ailing healthcare systems in many countries all are fac-
tors promoting resistance14. Recent research on wastewater effluvia involving 
metagenomics to study effects on the microbiome indicates that resistance 
rates are highest in the developing world (Figure 1b), but also suggests that 
antimicrobial use data is poorly correlated with antibiotic resistance on a 
global level. Instead, resistance appears highly correlated with socio-eco-
nomic, health and environmental factors, suggesting that improvements to 
global sanitation and health systems can be at least as important for limiting 
the spread of antimicrobial resistance as control of prescription15.  

Still, overprescription and unnecessary use of antibiotics remain a major 
issue. In the United States alone, an estimated 27 million unnecessary antibi-
otic doses were prescribed annually for respiratory diagnoses not likely to ben-
efit from antibiotics, such as viral illnesses16; totalling one in four of all am-
bulatory antibiotic prescriptions17. This is highly problematic, since there is 
ample evidence that antibiotic overuse contributes to the development of an-
tibiotic resistance, especially the reckless use of broad-spectrum agents18–20. 

Furthermore, antibiotic overuse is an unnecessary expense to the society21,22 
and can cause side effects for the patient23. To reduce overprescription and 
counter the increasing resistance, multiple sources point towards development 
of new diagnostic solutions being a high priority24. Such development has 
been incentivized in recent years, for example by initiatives such as the Lon-
gitude Prize25 and the CARB-X programme in the US26. The types of diagnos-
tics most important to reducing antimicrobial resistance (AMR) are tests dis-
tinguishing between viral and bacterial infections, tests for identification (ID) 
of the pathogen, and antimicrobial susceptibility testing (AST)27,28; which will 
be the main focus of this thesis. 
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Figure 1. a) Incidence of isolates resistant to 3rd generation cephalosporins, 2006 
and 2016. Collected from EARS-NET Atlas. b) Estimates of global incidence of anti-
microbial resistance, based on DNA copy numbers measured in waste effluvia 
(FPKM: fragments per kilobase per million mapped). Reprinted from Hendriksen et. 
al.15, CC-BY-4.0. c) Incidence of sepsis globally in 2017. Reprinted from Rudd et. 
al.29, CC-BY-4.0. The distribution of sepsis incidence globally is similar to antimi-
crobial resistance, primarily located in the developing world. 
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Antibiotic diversity and diversity of resistance 
Antibiotics constitute an incredibly diverse group of chemical species with 
little relation other than functional, and to bring order they can be grouped 
based on either structural relatedness, origin (synthetic, natural or semisyn-
thetic), mode of action (such as inhibitors of DNA replication etc.), primary 
effect on the cells (bactericidal or bacteriostatic), or broadness of coverage 
(broad or narrow spectrum). Common to all antibiotics is the selective target-
ing of a specific function necessary for bacterial life and replication, such as 
cell wall synthesis and integrity, DNA replication and transcription, RNA 
translation and protein synthesis, and metabolic pathways. Antibiotics from 
different chemical classes often target the same biochemical pathways, either 
at the same or at a different step and target site (Figure 2).  

As a result, resistance to antibiotics is a highly diverse phenomenon re-
flected by this wide variety of chemical structures and targets. Resistance 
mechanisms are generally grouped into either of four classes: I) mutations re-
sulting in targets with reduced affinity for the antibiotic, II) enzyme-mediated 
degradation of the antibiotic, III) bypassing the target by up/downstream fac-
tors in the affected biochemical pathway, or IV) preventing drug access to 
target molecules by for example active transport of the antibiotic out from the 
cell or loss of porins (permeable structures in the bacterial cell membrane) to 
prevent entrance30. It is critical to note that increased resistance against one 
antibiotic often can confer resistance to other antibiotics, for example muta-
tions resulting in loss of porins leads to prevention of multiple types of anti-
biotics from being taken up by the cell – referred to as cross-resistance. Often, 
a resistant bacterium can contain a large and diverse collection of different 
resistance-conveying elements, each contributing synergistically, additively 
or even antagonistically to the combined sum of resistance to a specific anti-
biotic. The evolution of resistance is further complicated by horizontal gene 
transfer of resistance conveying genetic elements, for example via plasmids 
allowing rapid spread of resistance throughout a microbial community by bac-
terial conjugation31. This bewildering and unpredictable web of resistance-
conveying genetic elements can be referred to as the ‘bacterial resistome’32. 
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Figure 2. Selected classes of antibiotics, a representative member from each class, 
and their respective molecular target in the bacterial cell. Antibiotics from different 
classes can have the same target, and antibiotics from the same class can have dif-
ferent targets.  

Sepsis and bacteremia 
Bacteremia is defined as the state of having viable bacteria present in the 
bloodstream. In itself this does not constitute a medical condition, and bacteria 
are regularly introduced into the blood in healthy individuals, for example 
during vigorous tooth-brushing33. Bacteria are normally rapidly cleared from 
the blood by the immune system, however. When the body for some reason 
cannot remove the cells, a bacterial blood-stream infection (BSI) may arise, 
in turn possibly leading to sepsis and septic shock. Sepsis is a life-threatening 
condition, where the inflammatory response to infection starts damaging the 
cells, tissues and organs of the host34. Mortality in sepsis is very high, at 25-
30% as measured in hospitals in high-income countries35, and has historically 
been as high as 80% even with intensive-care treatment34. Roughly, one third 
of all long-stay intensive care unit patients are admitted with sepsis, and a 
further one sixth acquires sepsis during intensive care unit (ICU) care36. Sepsis 
is also a leading cause of death globally, even though this is often not well 
appreciated, resulting in sepsis to be known as “one of the most elusive syn-
dromes in medicine”34. This discrepancy is due to the fact that sepsis often is 
the ultimate cause of mortality in other medical conditions, such as road injury 
and violent trauma, HIV/AIDS and cancer, but not always reported as the 
cause of death. Furthermore, sepsis is not tracked in the Global Burden of 
Disease Taxonomy used by the WHO, but instead reported separately grouped 
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by infection37. Compared to the top 10 global causes of death as listed by 
WHO, a recent meta-analysis indicates that sepsis could be the second or third 
most common cause of death with an estimated 5.4 million deaths globally in 
201537, following ischemic heart disease (9.5 million deaths) and perhaps 
stroke (5.7 million deaths)38. It is worth noting that global sepsis data is lack-
ing in coverage, and these global burden figures are calculated from treatment 
outcomes in high-income countries with functioning health-care systems37. It 
is therefore likely that sepsis mortality is severely underestimated globally39. 
A recently published comprehensive study on global burden of disease by sep-
sis estimates the full impact globally to over 11 million deaths per annum, and 
over 48 million cases (Figure 1c). Of these, a staggering 20.3 million cases 
and 2.9 million deaths occurred in children under 5 years of age, the vast ma-
jority in lower to medium sustainable development index (SDI) countries29. 
However, global causes of death vary considerably along socio-economic gra-
dients39, as do survivability in sepsis. In high-income countries, noncommuni-
cable disease (NCD) such as cancer and stroke are the dominating reported 
causes of death with over 88% of the burden, whereas in low-income countries 
only 37% of deaths are attributable to NCD38, and the rest mainly to accidents, 
war and infectious disease. The disparities in incidence and survival in com-
municable diseases globally, largely attributable to priorities in allocating 
global resources, remains one of the major injustices of our time. 

Diagnosing and treating sepsis 
Sepsis is a severe medical emergency where survival hinges on early identifi-
cation, and rapid and adequate treatment, comparable to acute myocardial in-
farction, stroke and similar acute medical conditions. The optimal treatment 
of sepsis is still under debate, but common themes include fluid restoration, 
adjustments of blood pressure by vasopressors, source control (i.e. finding and 
eliminating any source of bacteria, such as abscesses) as well as antibiotic 
therapy40. According to recent international guidelines for management of 
sepsis and septic shock, administration of antibiotics should be initiated within 
1 hour from recognition of sepsis41, and a number of studies show that early 
administration of effective antibiotic therapy results in increased clinical as 
well as financial benefits42–46, specifically that for each hour faster appropriate 
therapy in sepsis and septic shock mortality is reduced between 1-7%, and the 
length-of-stay reduced by 0.1 days. 

As previously mentioned, diagnostics are essential for providing optimal 
care in infectious disease. Sepsis diagnostics specifically entail both blood 
tests and biomarker tests diagnosing sepsis in patients exhibiting symptoms47, 
but also clinical microbiology testing of the causative pathogen to guide ther-
apy48. Since the time until appropriate antibiotic therapy is started impacts 
mortality and morbidity to a large extent, immediate antibacterial therapy  
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Figure 3. The timeline of microbiological diagnostics in sepsis. In this example, the 
patient gets sampled at midnight on day 1. Dark grey fields indicate nighttime where 
the clinical laboratory usually is closed and no start or readout of tests are done. 
The times are fictional, but representative of real performance of the methods. The 
grey lines indicate time, in 12 h increments.  

 
based on patient history and local resistance epidemiology (so called empirical 
therapy) will always be the first treatment in suspected sepsis, and any test 
aiming to guide initial therapy would have to provide an answer within 
minutes of patient sampling41. Importantly, whether the initial, empirical ther-
apy will succeed or not is dependent on several factors such as whether the 
spectrum of the chosen antibiotic covers the bacterial agent, so-called appro-
priate therapy. However, a large multi-center study on febrile medical in-pa-
tients in Israel, Italy and Germany measured the incidence of inappropriate 
initial therapy to ~36%49; and a recent meta-analysis of 69 published studies 
from all over the world consisting of in total 21 338 patients measured the 
total incidence of inappropriate initial therapy to a staggering 46.5%50. The 
appropriateness of the specific empirical therapy chosen is also determined by 
factors such as site of infection, patient status, type of bacteria and known 
colonization by resistant pathogens41.  

The bacterial species, determined by bacterial identification (ID), is essen-
tial to know both from the perspective of differences in pathogenicity between 
species but also varying rates of innate resistance to antibiotics51. Acquired 
resistance, measured by antibiotic susceptibility testing (AST) is also essential 
information to be able to select an appropriate antibiotic41. The main challenge 
here is time. Since traditional bacterial diagnostics is culture-based, i.e. de-
pendent on bacterial growth, the total answer time is dependent on multiple 
culturing steps. This in turn means that the time it takes until an answer reaches 
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the treating clinician (turnaround time, TAT) can be between 2-4 days even 
for fast-growing strains48 (Figure 3). In culture-based diagnostics, the patient 
blood samples are cultured for enrichment, and streaked on plates to subcul-
ture and isolate specific strains of bacteria52. These isolates are then tested 
using a variety of manual or automated commercial testing systems48. As an 
alternative to culturing, molecular biotechnology has produced an abundance 
of rapid, efficient diagnostic methods for genotyping bacteria in the recent 
decades, but these are often only applicable for ID testing or patient screening 
as well as tracking of disease epidemiology and incidence of resistance53. 
There is a fundamental reason for this limitation: the poor correlation between 
genotype and phenotype – we do not yet possess the capability to predict the 
level of antimicrobial susceptibility based on the presence or absence of spe-
cific genetic elements encoding resistance54. This is mainly due to the incred-
ible complexity of the bacterial resistome and rapid evolution of new genetic 
resistance elements, which means that the actual susceptibility to an antibiotic 
of a resistant strain can be the result of many individual resistance conveying 
elements; each contributing and interacting with each other in nonlinear ways. 
 

Blood culturing for enrichment 
One limiting factor for sepsis diagnostics is the low concentration of bacteria 
in patient blood, often as low as 1-10 cfu/mL48. To yield enough cells to work 
with, enrichment in culture broth is required and is commonly done with au-
tomated incubation systems, where the blood sample is drawn bedside into a 
blood culture bottle containing growth media and other additives (Figure 3)52. 
This bottle is then transported to the incubator and incubated until positivity, 
a process which can take up to 5 days48. If a culture is not positive within this 
timeframe, it is called as a negative. Bacterial growth is detected by measuring 
CO2 production as metabolic byproduct from the growing bacteria, using a 
colour-changing or fluorescent indicator substance48. Since the concentration 
of bacteria in the blood is very low, usually two to four sets of two bottles with 
6-10 mL blood each is the minimal recommended draw, which should be 
taken at least once per septic episode41,55. One bottle per set are usually opti-
mized for culturing anaerobic or fastidious organisms, and the other optimized 
for aerobic, non-fastidious organisms. For patients with a small blood volume, 
such as children and newborns, there also exist specialized small volume bot-
tles, which usually combine aerobic and anaerobic conditions, but with a low-
ered sensitivity48. One complicating aspect is that only roughly 10% of all 
bottles turn out positive56, and in patients later diagnosed with sepsis only 
around 80% ever yield an enriched isolate on the first draw48. There may be 
several reasons for this, for example antibiotic inhibition of growth due to re-
sidual antibiotics in the blood, and the low concentration of bacteria in the 
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blood55. Another complicating aspect is contaminations by bacteria not asso-
ciated with the infection, which occurs in 0.6 – 17% of all blood cultures57. 
Once the blood culture is positive, the growing bacteria can be isolated how-
ever by e.g. streaking on agar plates, yielding pure, isolated colonies for fol-
low-up tests48. 

Identification of bacteria in sepsis 
Traditionally, once a sub-cultured isolate has been acquired, bacterial ID has 
been determined using biochemical tests which use multiple wells of reagents 
to probe the fingerprint of metabolic pathways used by the bacteria. These 
tests can be manual, prepacked test strips (API), or automated (VITEK), and 
usually take overnight until readout52,58. Automated test systems like VITEK 
have been reported to provide ID in less than 3 h for fast growing microorgan-
isms, but studies on overall TAT show an average time of 36 h when using 
these systems52. Genotypic methods such as polymerase chain-reaction (PCR) 
and fluorescent in-situ hybridization (FISH) are also used, mostly as a com-
plement due to the high cost and complexity of performing the assay, in case 
first line diagnostics fail to provide a clear answer52. These methods can be 
much faster and provide an answer within single hours59. However, in recent 
years the introduction of MALDI-TOF based ID diagnostics has completely 
revolutionized clinical microbiology, and today many laboratories in high-in-
come countries exclusively use these systems for first line diagnostics60. With 
MALDI-TOF based methods, bacterial IDs from 16-96 samples can be ob-
tained in 15-45 minutes at a very low per-sample cost52. When used with blood 
culture material, sample pre-treatment is needed, which may be as easy as a 
subculture plate started with the blood material, from which small colonies are 
harvested after 4-5 h for ID measurement61. The TAT can therefore be up to 7 
h52 (Figure 3). There also exist pre-treatment kits and protocols for MALDI-
TOF measurements, which can enable MALDI-TOF based ID within 30 
minutes of a positive blood culture signal, at an increased per-sample cost 62. 
The ID answer can to some extent be used to guide antimicrobial therapy, on 
a species coverage level, but cannot provide information on any acquired an-
timicrobial resistance. 

Antibiotic susceptibility testing 
It is important to note that the aim of AST is not primarily to detect resistance, 
but rather to quantify the level of susceptibility to a panel of drugs63. The sus-
ceptibility is commonly measured either as the MIC (minimum inhibitory con-
centration) value, i.e. the concentration of an antibiotic required to inhibit 
growth of the specific bacterial strain or as the zone diameter (the diameter of 
the inhibition zone around an antibiotic disc)63. Resistance on the other hand 
is a binary criteria – either a strain is resistant or not. Critically, resistance is 
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essentially only a label chosen to reflect a specific level of susceptibility - and 
exactly what that label signifies is for us to decide. A reasonable idea clinically 
is to decide to set the susceptibility level for resistance (or “breakpoint”) to 
yield informative predictions about likely treatment outcome with said antibi-
otic64,65. These levels have been standardized in so called breakpoint tables, 
although there are multiple different breakpoint tables in use today. For exam-
ple, the European Committee on Antibiotic Susceptibility Testing (EUCAST) 
is an organization that publishes breakpoint tables that are used clinically in 
many European countries, and in several other countries throughout the world. 
A breakpoint table enumerates on a per-organism basis which level of suscep-
tibility (MIC value or zone diameter) should be considered either S, I or R 
(Susceptible, susceptible with Increased exposure, or Resistant), where S 
would indicate high likelihood of treatment success, I would indicate high 
likelihood of success at increased drug exposure (increased dose), and R 
would indicate very low probability of treatment success. These tables are ide-
ally grounded in thorough clinical studies of treatment outcomes and side-
effects correlated to dosages and susceptibilities of the infectious agent, so 
called pharmacokinetic/pharmacodynamic (PK/PD) studies65. The Clinical & 
Laboratory Standards Institute (CLSI) produces similar breakpoints for the 
USA, and up to recently many more different breakpoint tables were in use on 
a national level. The current trend is toward international standardization on 
either the EUCAST or CLSI breakpoint tables, however66. 

It is important to notice that AST methods are by definition phenotypic, i.e. 
they measure quantitatively the bacterial response to exposure of antibiotics. 
Traditionally, agar diffusion methods have been used for AST, which include 
the disc test (Kirby Bauer), and the Etest™. The other main group of AST 
methods are the dilution tests, such as agar dilution, and broth macro/micro-
dilution. In these tests, separate chambers or wells with growth medium and 
antibiotics at increasing concentration are left to incubate, and the first cham-
ber or well with no visible detectable growth after a standardized timepoint 
indicates the MIC value63. These methods work well in the sense that they 
provide results of reasonable quality at low per-sample cost, but the main 
drawback is the long incubation times needed (usually overnight). TATs in-
cluding blood culture can be 2-3 days (Figure 3), where testing directly from 
blood (direct AST) instead of from subcultures can save 1 day61. Recent de-
velopments of the rapid disc test using new breakpoints for 4, 6 and 8 hour 
readouts developed by EUCAST allows TATs of 1 day for some fast growing 
bacteria67. There are several automated high-throughput methods such as the 
VITEK, Phoenix and SensiTitre systems with TATs of 10-14 hours (not in-
cluding blood culture)48, but these methods are based on the same methodol-
ogy as manual testing and are only marginally faster. One method recently 
introduced is the combined ID and AST Accelerate Pheno test, which can be 
used directly on positive blood cultures. The method provides ID in 1 h and 
AST in 7 h from positive blood culture68, however the system has struggled to 



 22

enter the market due to high consumable cost and the still relatively modest 
gains in performance (personal communication). 

 

Improving the speed of sepsis diagnostics 
If we all agree that sepsis is a critical medical problem with unacceptably high 
global mortality, and that existing diagnostic methods are inadequate for rap-
idly guiding treatment, it stands to reason that efforts should be done to im-
prove diagnostic TATs in sepsis. Such improvements can obviously target any 
step in the diagnostic workflow, such as transport times, handling times, anal-
ysis times and in the administration of test reporting (Figure 3). All steps of 
this chain are crucial in providing effective diagnostic-guided therapy. This 
under the adage of “which value does a diagnostic test have if no one is there 
to act on it?”, where the answer would be: very low.  

The first issue after sampling the patient is to get the blood culture bottles 
delivered into a blood culture cabinet for the incubation to start. This time can 
vary considerably depending on the logistical organization of the hospital, in 
one study only 51.8% of the cultures entered the incubator before 8 h after 
blood draw, and the highest reporting waiting time was 91 h – in this case the 
laboratory was located 4 km from the ICU, and only accepted deliveries dur-
ing normal working hours69. While this may be surprising considering the high 
clinical value of rapid diagnostics, in fact, a recent qualitative survey indicates 
that the majority of labs in several examined European countries are closed 
overnight, and only 40-62% offer weekend services70. This general situation 
has given rise to a term, the so called “weekend effect” – that blood culture 
yield is lower at the weekend due to incubation and processing delays71. 

One obvious improvement in this case would be to set up an additional 
installation of blood culturing cabinets near the ICU, and train the on-site staff 
to load the culture bottles into the cabinet. This was in fact trialed in the pre-
viously mentioned study, with the result of reducing the time until incubation 
to <1 h for all bottles, and in turn reducing the overall time until AST result 
was available by 17-36%69. This study is indicative of a general trend, enabled 
by technical developments such as networking and remote supervision of 
modern blood culture cabinets, where blood culturing cabinets are increas-
ingly situated closer to the patient. For example, here in Uppsala, the Uppsala 
University Hospital (UUH) has moved one blood culture cabinet to the De-
partment of Clinical Chemistry, located near the ICU and open for sample 
drop-off round the clock. Another blood cabinet is located in the primary-level 
hospital in Enköping, which is serviced by the laboratory services at UUH. Of 
course, a positively signaling bottle in these locations still has to be trans-
ported to the clinical laboratory for follow-up tests such as ID and AST, which 
remains closed off-hours and only partially open on weekends. Studies show 
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that of 25 examined labs in European countries, only 13% provide 24 h service 
to start processing positive blood culture bottles72. Thus, any gain in time to 
positivity for the blood culture is offset by the delay in start of isolation, ID 
and AST follow-up testing in the central clinical laboratory. 

Another step in the diagnostic workflow to improve is the blood culturing 
in itself. Recent innovations in blood culturing, such as the bioMeriéux Virtuo 
system has significantly reduced the time to positivity by improving the opti-
cal resolution and temperature homogeneity of the system. This effect was in 
one study measured to a mean reduction in time to positivity of 0.99 h for most 
clinically important genera (Staphylococcus, Enterococcus, Streptococcus, 
Pseudomonadales, and most of the genera within Enterobacterales)73. The 
time until positivity is otherwise hard to reduce due to the fundamental limi-
tation of the growth rate of the bacteria themselves, however74. 

The remaining steps of the diagnostic workflow possible to improve are the 
ID and AST steps. While ID today can be delivered in minutes from positive 
culture using MALDI-TOF, the AST methods currently in use usually need 
over-night incubations to provide results. Much of the remaining discussion 
in this thesis will focus on decreasing the analysis time for the AST step, so 
called rapid AST. 

Rapid AST 
As a direct result of increased resistance, coverage rates of empirical therapy 
are decreasing, emphasizing an urgent need for more rapid phenotypic AST 
methods. An example of this can be seen in southern and eastern Europe where 
carbapenem-resistance in Enterobacterales currently is exceeding 50% inci-
dence rates, and the coverage rates of empirical therapy is dropping75. As dis-
cussed above, rapid diagnostics capable of TATs of less than one day could 
enable earlier de-escalation of broad-spectrum empirical therapy, as well as 
enable rapid adjustments to treatments when coverage is lacking. This is likely 
to reduce mortality as well as healthcare costs associated with increasing re-
sistance. 

The benefit of de-escalation to narrow-spectrum agents is still under de-
bate, but daily assessment for de-escalation is considered best practice41,76. 
Although de-escalation primarily is a measure to avoid resistance develop-
ment on a societal level, there also exist studies showing a benefit on mortality 
rates and reduced side effects41,77. For rapid adjustment of therapy to increase 
coverage there are however several studies indicating a clear patient benefit, 
however. As already mentioned, for each hour delay of appropriate therapy in 
sepsis and septic shock mortality as well as length-of-stay has been shown to 
be reduced. Since one patient-bed day at an ICU can cost thousands of USD78 
for a patient with nosocomial infection, healthcare systems as a whole can 
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potentially save resources by adopting rapid diagnostics even though the per-
sample cost may be significantly higher79.  

Rapid AST is therefore currently of high interest to the medical community, 
and a multitude of conceptually new methods are presented in the scientific 
literature each year, based on either direct or indirect bacterial growth mark-
ers80. Many of these methods tempt with impressive performance, but are un-
fortunately often impractical for adoption to clinical use. Problems include 
complicated sample handling, high sensitivity to sample impurities like resid-
ual blood cells, or that the method as presented only works for specific strains 
or species80. Further, several of the new methods need highly complex and 
expensive instruments80 or the addition of indirect chemical labels for growth 
or antibiotic effect81, are limited in data on population scales82 or are limited 
to measuring a single antibiotic concentration83. When measuring at a single 
antibiotic concentration, these methods often set the cutoff at the S or R break-
point for a specific species, thus limiting the method for species with other 
breakpoints. Not providing a quantitative value such as MIC also limits the 
clinical utility84, so usually these methods use multiple parallel tests to add 
quantitative data, which increases the complexity and cost of the assay.  

Furthermore, when developing an AST method, biological constraints im-
pact what is possible to achieve in the performance of the final system. Espe-
cially in sepsis the main time limits for the performance are set by hard bio-
logical limits which result in the 1-2 day response time of current standard 
phenotypic AST. Some of the challenges and limits of phenotypic AST from 
blood are outlined in Table 1. 

Microfluidics and rapid AST  
Microfluidics enables the design of a small scale fluidic system that allows 
living cells to be kept in highly controlled environments: suspended in liquid, 
fixed in matrices or attached to surfaces. The fluidic circuitry can enable sev-
eral consequent reactions to be performed on one sample, and the response of 
single cells can be monitored using high resolution detection systems. The 
small scale and laminar flows involved can be used to design features to ad-
dress several of the hard biological limits presented in table 1, for example by 
extracting and concentrating bacteria from blood85 or by precisely positioning 
bacterial cells in chemical gradients and facilitating observation of single cell 
division to speed up detection time80. Another advantage of microfluidics is 
that sample preparation, analysis and waste disposal can be handled by sepa-
rate task-specific architectures packaged on the same device, thus creating a 
self-contained “lab-on-a-chip” approach suitable for example for point-of-
care testing86. As such, microfluidics represents a promising avenue for the 
development of new rapid AST methods for clinical use, which is reflected by 
the comprehensive literature on the subject80,83,87–97.  
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Table 1. Biological challenges of phenotypic AST in sepsis 

“Hard” biological limit Consequence Overcome by (examples) 

Low conc. of pathogenic 
bacteria in patient blood 
(1-100 cfu/mL) 

Requires enrichment steps such 
as blood culturing, which delay 
total turnaround time  

Sample concentration step 

Increased sensitivity of assay, 
to detect fewer cells 

Growth rate of bacterial 
cells 

Sets the lower time limit of 
blood culturing and traditional 
plate-based assays 

Optimized growth conditions 

Increased sensitivity of detec-
tion system, to detect 
growth/no growth earlier 

Complex (impure) samples 
due to polymicrobial in-
fections or presence of 
blood cells and debris 

Strain isolation and/or sample 
purification is needed, increases 
time required for analysis, de-
bris can disturb readout 

Image-based separation of 
bacteria/debris based on mor-
phology  

Use of a non-invasive detec-
tion system capable of differ-
entiating bacterial species 

Initial effect on growth 
from antibiotic exposure 
(post antibiotic effect) can 
vary in time from seconds 
to hours after exposure

Susceptible isolates identified as 
resistant or vice-versa if meas-
ured too early, when only con-
sidering growth 

Using non-growth markers of 
antibiotic effects, such as cell 
wall permeability, metabolic 
markers, or capture cell mor-
phology changes

 
For rapid AST testing specifically, a microfluidic test needs to allow bac-

teria to grow while exposed to different conditions, most importantly the pres-
ence or absence of specific antibiotics. The main challenge of creating a lab-
on-a-chip system for AST, apart from designing a detection system with high 
performance in growth detection, is to maximize robustness and repeatability. 
This is mainly done by eliminating cross contamination between antibiotics 
or bacterial samples, simplifying fluidic paths to avoid clogging from impuri-
ties and making the test easy to handle. Since a diagnostic system can have a 
direct and critical impact on the treatment of the patient a test is worthless, or 
even dangerous, if handling difficulties or small environmental disturbances 
such as sample particles the clogging the fluidic paths perturb the readout. 
Reporting a false resistant result can lead to overmedication, and a false sus-
ceptible result to undermedication and subsequent therapeutic failure and pa-
tient death. Iterating the design of the microfluidic test to improve these char-
acteristics is paramount, although microfluidic technology development can 
be expensive and time-consuming where design iteration can take several 
weeks. 

Microfluidic systems can be constructed in almost any material, but elasto-
mer based devices have many advantages over other materials like glass and 
hard polymers. Polydimethylsiloxane (PDMS) is an elastomer which has 
turned out to be exceedingly useful for manufacturing microfluidic systems. 
PDMS is easy to handle, inexpensive, optically clear, water-tight but still gas-
permeable and non-toxic thus allowing long-term cell viability98. PDMS mi-
crofluidic systems are produced using soft lithography, where a master mold 
containing a positive imprint of a fluidic path is filled with liquid PDMS and 
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left to cure, using heat and a catalyst (Figure 4a). The positive imprint leaves 
a cavity after peeling which conforms very well to the master’s contours, with 
a fidelity in the range of 10 nm99. The PDMS slab is then bonded to a glass 
substrate, for example by plasma corona discharge (Figure 4b). Disadvantages 
include that the master is usually manufactured by processes used in the mi-
crofabrication industry, for example photoresists on silicon wafers, which re-
quire a cleanroom and access to microfabrication tools as well as highly 
trained staff98. Since microfabrication tools often are manually operated, es-
pecially in facilities where researchers have access, master fabrication is a 
time-consuming process. Using photoresist processes also means that PDMS 
based microfluidic structures traditionally have been “2D”, unless several dif-
ferent structures are stacked and connected laterally, which requires very pre-
cise alignment of the layers98. Also, tightly connecting the fluid path from 
normal scale to microscale via a macro-to-micro interface (Figure 4c) is chal-
lenging due to the softness of the PDMS structure, which is one reason PDMS 
microfluidic systems have rarely been successfully commercialized; other rea-
sons include difficulties of automating and scaling up production86. 

3D-printing to enable rapid prototyping of microfluidic 
systems 
Lately, the access to highly accurate 3D-printers with high resolution has led 
to several advances in microfluidics. 3D-printing can be used to directly print 
microfluidic systems, but also to produce the master used in soft lithography. 
When printing the mold, 3D-printing allows the creation of more complex 
mold geometries than traditional photoresist on wafer, allowing “2.5D” and in 
some cases even full 3D structures to be cast100. Furthermore, in the case of 
directly 3D-printed microfluidic chips any shape can be constructed within 
resolution of the printer. However, the resolution of consumer grade 3D-print-
ers is not yet good enough to directly print smooth microfluidic chips, and the 
print materials have disadvantages such as not being optically clear, being cy-
totoxic or not being gas-permeable like PDMS98. One major advantage is that 
3D-printing allows dramatic speedup of the design iterations in smaller re-
search groups and businesses, who usually do not have prioritized access to 
cleanroom fabrication facilities. With 3D-printing, a computer aided design 
(CAD) of a microfluidic chip can be turned into an actual device and tested in 
the lab within hours instead of weeks, by anyone with access to a printer. Es-
pecially the advent of affordable stereolithography printers (SLA) has allowed 
resolutions close to traditional manufacturing techniques98. SLA printers dif-
fer from the more common fused deposition modelling (FDM) printers by us-
ing a UV-laser to harden a photocuring resin (Figure 4d). Thus the resolution 
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Figure 4. a) PDMS is poured onto the master mold containing the microstructure 
pattern, and allowed to cure. The solidified PDMS piece is thereafter peeled and 
bonded to glass, creating closed microchannels. b) Corona-plasma treatment of a 
glass slide to allow for bonding to PDMS. c) Illustration of the major components of 
a PDMS-based microfluidic chip composed of a glass substrate a PDMS piece with 
microchannels and a macro-to-micro interface. In this example the macro-to-micro 
interface is composed of silicone tubing pressed into a pipette tip that is inserted 
into a fluidic outlet created using a biopsy punch. d) A 3D-printer using SLA tech-
nology, where the item is constructed by repeated submersion into a vat with photo-
curing resin. The item is built layer-by-layer by a UV laser, hardening the resin 
were needed using e.g. a mask or mirror galvanometers to control the beam. In this 
way, a master mold with a microstructure pattern can be constructed, where the res-
olution is determined by the laser spot size of the printer. 

is determined by the spot size of the UV-laser, which can be 70-140 µm in 
modern printers. Based on my own experience, this is still orders of magnitude 
coarser than traditional photoresist-on-wafer, but small enough to be usable. 
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The QuickMIC rapid AST system 
The central theme of this thesis is the development of a rapid AST system 
based on a novel microfluidic assay, a project started in 2014 by the develop-
ment of the first crude instrument prototype together with a commercially 
available microfluidic system produced by Gradientech AB, Sweden. One ma-
jor challenge to improving the speed of phenotypic susceptibility testing that 
was identified early is the need to rapidly, accurately and non-invasively cap-
ture data from a very large collection of cells, since antibiotic susceptibility is 
a population-scale measurement. Furthermore, development of a new diag-
nostic method for patients in critical condition, such as sepsis, demands high 
reliability and accuracy of the method – a false test result can lead to subopti-
mal therapy, and in turn increased morbidity and ultimately death. These prob-
lems guided the early development of the detection system and design of the 
microfluidic assay, and led to the initial work in this thesis. Gradientech is 
currently developing the QuickMIC rapid AST system, in part based on eval-
uation and design work performed in this project. 

Design goals 
In the start of the development of the QuickMIC system, we set out with a 
clean slate to design a next-generation rapid AST system, based on earlier 
work with the microfluidic RUO systems in use at Gradientech AB101. During 
the initial phases of my project, we visited clinical laboratories in multiple 
European countries (Sweden, Finland, UK, Netherlands, Greece, Spain and 
Germany), presenting the early data on system performance from the early 
prototype systems, and gathering input for the system design and understand-
ing the end-user requirements for rapid AST. These visits confirmed the clin-
ical utility of a rapid AST method with performance according to the Quick-
MIC concept, as well as pointed to a strong need for robust ultra-rapid (<4 
hour) AST methods able to integrate with existing sample pipelines (Figure 
5a). Some input from these visits is summarized in Table 2. 

Based on these design inputs, the details of the individual system compo-
nents were set. The initial prototypes used the Gradientech CellDirector 3D® 
system as basis for the rapid AST system. The CellDirector system consists of 
a central chamber flanked by two fluidic channels, where media can be 
flowed. Through diffusion, a highly accurate linear gradient is then established 
throughout a gel in the central chamber. Although initially developed for stud-
ying chemotaxis of e.g. human cells towards gradients of signal substances102, 
the assay now enables bacterial imaging on single cell and population level in 
a high-resolution continuum of antibiotic concentrations, thus avoiding the 
common pitfalls of other recently proposed rapid AST systems. The core of 
the system is the microfluidic chamber, which is loaded with a patient derived 
bacterial sample fixed within an agarose matrix (Figure 5b).  
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Table 2. Feedback from visits to clinical laboratories 

Design features for the 
QuickMIC rapid AST system Comment 

Phenotypic detection Actual quantification of growth is necessary for reliable re-
sults, genotypic methods are of less value

Multiplex The method needs to support multiple antibiotics being tested 
in parallel, optimally in the range of 6-24 per run.

Modular The sizes of laboratories is very diverse and to enable scale-
up for large laboratories, while still allowing smaller labora-
tories to afford new technology, a modular instrument is an 
advantage.

Automated Loading, read-out and reporting should be as quick and user 
friendly as possible.

Affordable Both on a per-instrument and a per-sample basis. 

Usable Should not require highly trained staff or laboratory skills to 
use.

High resolution Current AST methods have high variability/low repeatability, 
which is especially problematic with MIC values around the 
breakpoints. New methods should preferably aim for high re-
peatability.

 
Throughout the matrix a linear gradient of antibiotics is created by passive 
diffusion from a source channel to a sink channel. The antibiotic-containing 
medium in the source channel and the medium in the sink channel is con-
stantly replenished by fluid pumping. Advantages of using this setup is that 
very little sample (matrix + bacteria) is needed per chamber, only 2-10 µL 
depending on exact chamber size, and with a low bacterial concentration <104 
cfu/mL103. The sample preparation step is therefore simple, only requiring a 
separation step to reduce the amount of blood cells in the sample, and mixing 
with the agarose matrix (Figure 5c). The fact that only very low numbers of 
bacteria are required for the assay potentially allows for much earlier sampling 
than from a conventional positive blood culture bottle. Possibly, samples for 
analysis could be obtained directly from patient blood samples after a blood 
sample concentration step. One distinguishing characteristic of the QuickMIC 
system is the aforementioned high-precision linear gradient of antibiotics. 
This results in a MIC value being reported on a linear scale, whereas tradi-
tional broth microdilution uses a bi-logarithmic scale. The advantage of a lin-
ear scale is increased resolution, with a tradeoff of lower dynamic range103. 
For bi-logarithmic methods, the dynamic range is very wide but the repeata-
bility suffers, leading to a commonly accepted inter-experiment variation of 
±1 log2 dilution of the MIC value (0.5 – 2.0 mg/L being an acceptable interval 
for a strain with MIC 1 mg/L for example).  
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Figure 5. Explanation of the principle behind the QuickMIC microfluidic AST sys-
tem. a) TATs for the QuickMIC system used on blood cultures could allow AST re-
sults to be reported one day earlier compared to traditional diagnostics (Figure 3) 
b) A single chamber for bacterial culture where bacteria embedded in an agarose 
gel are exposed to a gradient of an antibiotic. In the QuickMIC prototype system 12 
chambers with different antibiotics are tested simultaneously in a single cassette c) 
The sample preparation and loading procedure from positive blood cultures. Blood 
culture is mixed with agarose and introduced into the gradient chamber. Over time, 
the MIC value is read out where growth is inhibited. 

Secondly, it was decided to develop a novel widefield and high sensitivity 
detection system, based on light scattering. This system allows the analysis of 
single cell growth of all cells and cell clusters throughout the entire length of 
the assay chamber (4 mm) in one single capture (Figure 6b). This optical de-
tection system is non-invasive, i.e. does not adversely affect the cells under 
investigation, as well as relatively robust and non-expensive to implement. 
The detection system captures the growth characteristics as well as morpho-
logical characteristics of each originating cell growing into a microcolony of 
bacterial cells. The data analysis pipeline then determines where in the cham-
ber bacterial growth is inhibited, and this position along the antibiotic gradient 
is corresponding to the MIC value of the tested antibiotic (Figure 6c). Recent 
improvements in the detection system and analysis algorithms has reduced the  
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Figure 6. The concept of a modular instrument, which can scale depending on la-
boratory demands. Human figure for size reference. b) The light scattering detection 
method developed for the QuickMIC system. Collimated incident light is transmitted 
through the detection chamber, and cell clusters scatter light into a collecting objec-
tive. Photons detected per scattering particle is correlated to the amount of bacteria 
in the particle, and change in scatter over time is a measure of the growth rate for 
that particle. c) Growth rates for all particles through the chamber is used for de-
tecting MIC and other strain specific features such as specific growth rate of the 
population. 

detection time to between 2-4 hours, depending on growth rate of the bacteria 
and mode of action of the antibiotic104. The specific growth rate as well as 
inoculate concentration of the bacterial sample is quantified by measuring in 
a control chamber without antibiotics. We also decided to develop a multiplex 
cassette with 8-12 gradient chambers, capable of measuring multiple antibiot-
ics simultaneously, while still being easy to load and handle. For the assay to 
work, the cassette and optical detection system monitoring the chambers needs 
to be part of an instrument, and we decided to design a small, modular instru-
ment capable of handling a single cassette per system. This design decision 
allowed avoiding technical complexity associated with handling multiple cas-
settes with samples from different patients in the same instrument, while al-
lowing larger laboratories to scale up the throughput of the system by acquir-
ing multiple units and running them in parallel, a so called “stackable design” 
(Figure 6a). Similarly, it would also allow for the system to be usable closer 
to the patient, in combination with on-site blood culturing cabinets and a suit-
able system for providing ID. 
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On errors  
 
When developing a new in vitro diagnostic system (IVD), it is of course of 
utmost importance that the quality of the results are acceptable, and errors are 
reduced as far as possible. The quality of results for AST methods is defined 
in relation to a reference method, or “golden standard”. The golden standard 
for AST methods which produce results on a MIC scale is the broth microdi-
lution (BMD) method. The astute reader will realize that this presents diffi-
culties, since BMD is a bi-logarithmic method suffering from high variability, 
and the explicit design goal of the QuickMIC method is to provide higher res-
olution than this and other methods. This conundrum is common and well 
known when developing analysis methods that have increased resolution, sen-
sitivity or specificity in comparison with the standard reference105. Specifi-
cally when comparing QuickMIC to BMD, QuickMIC presents MIC values 
on a linear scale, while BMD is reported on a bi-logarithmic scale. This means 
that also the associated errors of the methods are distributed linearly vs. bi-
logarithmically, and are therefore difficult to compare. Furthermore, the ac-
ceptable 1 log2-step error in BMD means that the method has problems in 
reliably determining correct category (S, I, R) when the breakpoints are 
closely positioned – which is one of the main goals for the QuickMIC system 
to improve on. However, this of course means that by pure chance alone, any 
comparison of accuracy with regards to BMD for strains with MICs in the area 
around the breakpoints will suffer due to the inherent variability in the BMD 
method itself. There is seemingly no easy way around this, and it should be 
kept in mind when reading comparative performance studies with BMD as 
reference method. 

Furthermore, it is important to realize that BMD is an endpoint assay, while 
the measured MIC value varies in time due to the evolving phenotypic re-
sponse of the bacterial population to the antibiotic exposure. This means that 
a MIC value measured early, no matter the method used, often will differ from 
the end-point value of the BMD assay. However, the clinical breakpoints and 
all the data that they build on are based on these endpoint values. This means 
that a rapid AST method needs to predict the BMD MIC at readout, and not 
to measure the instantaneous MIC. The challenge of rapid AST is thus to use 
the observed data to infer the likely BMD result. The QuickMIC method at-
tempts to accomplish this by collecting a variety of characteristic data from 
each growing regions of interest in the chamber, thus providing a highly in-
formation-dense dataset of the antibiotic-bacteria interaction which maxim-
izes the chance of predicting a correct MIC. Even so, certain combinations of 
antibiotics, bacteria and resistance mechanisms that are not possible to meas-
ure early will always exist. This problem is common for all rapid AST meth-
ods, and the viability of any new method will be dependent on whether the 
benefits outweighs the risks, such as an increase in false readouts. 
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Present investigation 

Aims 
The project underlying my thesis aims to develop and validate a rapid AST 
method focused on sepsis and blood cultures as starting material. Ultimately 
we are aiming to approach the fastest possible phenotypic AST of impure clin-
ical blood cultures, considering the biological limits. The work described in 
my thesis has been carried out within the context of the Uppsala Antibiotic 
Centre (UAC) scientific cluster, in a close collaboration between Uppsala Uni-
versity, the Uppsala University Hospital, the EUCAST Development Labora-
tory in Växjö and the diagnostics company Gradientech AB. Specifically, the 
aims were: 

 
1. To further develop and test a prototype rapid AST system consist-

ing of a custom analysis instrument, a microfluidic chip and analy-
sis software for automated analysis of the captured data (Paper I). 

2. To perform a proof-of-concept evaluation of the developed assay 
using patient-derived blood samples, together with the Uppsala 
University Hospital (Paper I). 

3. To further develop the assay to allow for high-throughput analyses 
of clinical samples using 3D-printing and a rapid design pipeline in 
the development of prototypes (Paper II). 

4. To perform an evaluation of the high-throughput assay using bac-
terial reference strains from the EUCAST Development Laboratory 
(Paper II). 

5. To characterize the developed method with respect to limit of de-
tection and sensitivity to allow low concentrations of bacteria to be 
analyzed (Paper III) 

6. To investigate protocols for early sampling of bacteria from patient 
blood cultures to allow for shorter turnaround times in rapid AST. 
(Paper III) 

7. To perform analytical and clinical performance evaluation studies 
of the finalized assay with spiked as well as patient-derived blood 
samples, together with the Uppsala University Hospital. (Paper IV) 
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Paper I - A novel microfluidic assay for rapid 
phenotypic antibiotic susceptibility testing of bacteria 
detected in clinical blood cultures  
The purpose of this study was to develop and test a rapid phenotypic AST 
method using the proprietary CellDirector 3D system from Gradientech AB. 
The CellDirector 3D system constitutes one single microfluidic gradient 
chamber as described above102, and has also been used for AST testing previ-
ously101. The aims were to develop an easy sample preparation protocol to 
isolate bacteria from positive blood culture bottles and to create a detection 
system capable of automatically generating scatter signals of growing bacteria 
from the microfluidic growth chamber. In addition, the aims were to quantify 
diffusion times for common antibiotics in the agarose matrix, and to develop 
a data analysis pipeline for automatic MIC analysis from the data. Finally, we 
set out to test the performance parameters such as limit of detection, time-to-
answer, accuracy and precision compared to standard methods using live bac-
teria. This was performed using pure cultures from plate and artificially inoc-
ulated (“spiked”) blood culture bottles, but also as a limited proof-of-concept 
clinical study on a selection of patient samples from the clinical microbiology 
laboratory at Uppsala University Hospital. 

A microscope (Nikon OptiPhot II) was rebuilt to enable a low-magnifica-
tion wide-field quantitative light scatter measurement, where single cell light 
scatter signals could be detected over the entire field of view (2.5 x 4 mm) of 
the microfluidic growth chamber. A camera sensor was used to capture the 
light scatter peaks from each cell, encoded essentially as a digital image. To 
investigate whether imaging of cell growth could be performed from positive 
blood cultures, citrated horse-blood and bacteria were added to a blood culture 
bottle and a sample was imaged. The background signal from blood cells was 
too high to measure bacterial growth, so a sample preparation procedure was 
sought, where a final protocol using a single step of centrifugation at 170 RCF 
during 5 min proved optimal. The centrifugation step separated bacteria from 
blood cells with on average 43% of bacteria remaining in the cleared superna-
tant, while reducing background levels from blood components in the image 
significantly. Images generated from the system were initially analyzed man-
ually by first subtracting the first image as background from all subsequent 
images using ImageJ, then extracting the change in image intensity as the bac-
teria grew. Where the intensity change over time was zero, the bacteria were 
not growing, which indicated the MIC value. An automated image analysis 
pipeline was developed using Python 2.7 which generated MIC values con-
sistent with the manual read-out algorithm. A comparison was also made be-
tween pure bacterial cultures and samples grown in and extracted from blood 
culture bottles, to see whether the algorithm would be sensitive to residual 
background noise. Vancomycin sensitive Staphylococcus aureus (VSSA) and 
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heteroresistant vancomycin intermediate S. aureus (hVISA) were chosen as 
model organisms for these tests. For the tested strains, there was a <0.2 mg/L 
difference between the mean MIC values of pure vs. blood cultures, a differ-
ence not statistically significant: VSSA: p > 0.99, hVISA: p = 0.97), and we 
therefore concluded that there was no difference in the performance of the 
image analysis algorithm between samples run from blood or from pure cul-
ture. Since background noise is not dependent on bacterial species we con-
cluded that this robustness should be a general characteristic of the system. 
We further tested the system with Pseudomonas aeruginosa, Klebsiella pneu-
moniae and Escherichia coli, and a range of inoculum concentrations for P. 
aeruginosa and S. aureus (Figure 7). These species are common blood patho-
gens, and the bacterial concentrations tested were chosen to represent common 
concentrations in positive blood culture bottles. We measured the optimal in-
oculum size to ~ 105 cfu/mL, with a lower detection threshold of ~ 104 cfu/mL. 
Above 106 cfu/mL, inoculum effects started affecting the result for S. aureus 
and vancomycin. 

In general, the agreement between results obtained using the Etest method 
and the here developed assay for VSSA and hVISA was good with all except 
one test reported as within 1 log2 dilution, which is the accepted interexperi-
ment variation for AST tests. Based on these tests, 105 cfu/mL was chosen as 
the target concentration for the following tests. Encouragingly, the time to 
readout was within 3-5 h for all but one strain. With these results, the decision 
was made to proceed with a proof-of-concept study using clinical samples of 
S. aureus and vancomycin. The staff at the Uppsala University Hospital, De-
partment of Clinical Microbiology selected blood culture samples that were 
Gram-positive and contained coagulase-positive cocci. Gram positive, coagu-
lase positive and cocci are definite characteristics of S. aureus, which means 
we did not have to wait for ID results. The cultures were then aliquoted, col-
lected and run on the here presented rapid AST system during the study period 
of 2 weeks. The method performed well and agreements with the Etest and the 
broth macrodilution method was adequate (9/13 for Etest, 10/13 for macrodi-
lution). For the isolates that did not show agreement, the MIC read-out was 
close to agreement (for example 1.0 mg/L vs 2.1 mg/L, where the range (≥0.5, 
≤2.0 mg/L) would be in agreement). TATs from blood culture to AST report-
ing was typically within 5 h for the clinical samples, where sample preparation 
took 10 min, assay setup 20 min, and data analysis 3 min. 

In summary, data is presented to demonstrate that the fluidic assay can be 
used to rapidly carry out AST for bacteria frequently detected in clinical blood 
cultures, and that is possible to do so by sampling directly from positive blood 
culture bottles using a short spin step. The method presented here is highly 
sensitive, with a recorded limit of detection of 104 cfu/mL, but with a range of 
suitable inoculum concentrations between 104 – 106 cfu/mL. The method had 
good agreement with the Etest method and the BMD method for the 13 clinical 
samples tested (vancomycin, S. aureus) as well as for the spiked blood cultures 
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and samples taken directly from colonies on agar plates (P. aeruginosa, E. coli 
and K. pneumoniae with ceftazidime, ciprofloxacin and/or tigecycline), and 
the sample readouts were available within 3-5 h of starting the experiment. 
This represents a large decrease compared to standard testing where results 
typically are obtained within 16-20 h. While the TATs in this proof-of-concept 
study were encouraging, the test is limited by the single-chamber setup as well 
as the tedious sample loading procedure. One particular advantage is the high 
repeatability of the test, due to the continuous linear gradient. 

Our conclusion is that this assay can determine MICs rapidly for the tested 
antibiotics and bacterial species. Since a range of different species were tested 
with antibiotics from different classes, we also conclude that the method may 
be extended to further drug-species combinations, but which would require 
further testing. However, a multichannel system with improved usability 
would be required to implement the here developed fluidic assay for further 
testing and eventual use in a clinical setting.  

 
Figure 7: Selected results from Paper I, a) evaluation of different starting inocula to 
identify lowest detection threshold, and b) MIC read-out over time for evaluation of 
the time-to-response and accuracy for different antibiotics against quality control 
isolates of K. pneumoniae, P. aeruginosa, S. aureus, and E. coli, using microscopy-
based image capture (Nikon OptiPhot II) and our first generation image analysis. 
Grey fields=SD, n=3. 
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Paper II - A high-throughput fluidic chip for phenotypic 
antibiotic susceptibility testing 
The aim of this study was to design and evaluate a microfluidic high-through-
put system for rapid AST, building on the system tested in Paper I. This en-
tailed developing a completely new prototype instrument capable of measur-
ing multiple chambers simultaneously (Figure 8a), with high accuracy and re-
peatability. Further, existing analysis software had to be modified to allow for 
the analysis of multiple growth chambers. An analysis algorithm enabling 
higher sensitivity and thereby reduced answering times was also developed, 
as well as the multichannel microfluidic chip and associated chip holder (Fig-
ure 8c,d,e). 3D-printing was heavily used to rapidly iterate the design of molds 
for the microfluidic chip and the associated chip holder, as well as for evalu-
ations of optical design elements of the new instrument. The new assay was 
tested using first a fluorescent marker for gradient stability, and then a selec-
tion of difficult clinical isolates (defined as reference MIC close to the break-
points) of Escherichia coli, Klebsiella pneumoniae and Staphylococcus au-
reus acquired from the strain collection at the EUCAST Development Labor-
atory (EDL), against a panel of 6 antibiotics. 

The final design of the high-throughput microfluidic system allows for par-
allel analysis of 8 independent bacterial samples simultaneously; in the pre-
sent study three antibiotics were run in duplicate on each chip together with 
two growth controls to quantify intra-assay variability. The updated high-
throughput analysis instrument successfully and accurately captured images 
from all 8 chambers every 10 minutes over 5 hours. The microfluidic chip 
(from Paper I) was not used, instead a new design was used that featured a 
loading channel for each chamber, and a parallel fluid path incorporating all 8 
chambers connected in two flow circuits to avoid having to use 8 individual 
pumps (Figure 8b). Gradient stability measurements using fluorescein showed 
stable gradients with high repeatability (R=0.98) (Figure 9b). PDMS casting 
was used to create the chips that were bonded to glass, and then mounted in a 
3D printed chip cassette (Figure 8e) for providing the supply of media and 
connect to the analysis instrument. The chip cassette was designed to conform 
to 96-well microplate format for high compatibility with standard laboratory 
materials. The cassette provides media from 16 chambers and fixes the PDMS 
insert in place in the detection system. The image analysis algorithm was con-
structed to include background noise reduction and analysis of single micro-
colony growth instead of general increase of image intensity, leading to 
shorter analysis times (as compared to results presented in Paper I).  

The performance of the complete system was tested with 21 clinical iso-
lates in replicate (n = 4) against 3 Gram-positive and 3 Gram-negative-specific 
antibiotics, and the results were compared to BMD (Figure 9a). The categori-
cal agreement in total between the fluidic chip and reference BMD was 85.5%,  
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Figure 8. Overview of the microfluidic rapid AST system in Paper II. a) The layout 
of the detection instrument, with light source, objective and camera. The cassette is 
set in a holder which is mounted on a translating stage. The instrument provides a 
stable temperature at 37°C and performs image capture from all 8 gradient cham-
bers over a time of 5 h. Fluidic flow is generated using a syringe pump. b) An over-
view of the PDMS insert with gradient chambers in a parallel circuit. Antibiotic and 
antibiotic-free medium is flowed on each side of the gradient chamber. The chamber 
is filled with agarose gel with embedded bacteria, and an antibiotic gradient forms. 
8 chambers are run in parallel through a pump connected to two outlets to draw 
fluid from the 16 source chambers. c) Detail of the PDMS insert in the cassette, 
showing the macro-to-micro interface. d) The dimensions of the gradient chamber in 
mm. e) Overview of the cassette used to position the PDMS insert, and provide anti-
biotic and antibiotic free media from reservoirs. 

and the very major, major and minor error rates were 6.3, 1.6 and 6.3% re-
spectively. Time to result were 155 min for Gram-negative bacteria and 216 
min for Gram-positive bacteria. 
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Figure 9. a) Selected results from the prototype system (black line, mean value; blue 
area, SD; n = 4) compared to BMD (grey line, target MIC; grey area, 1 log2 step 
from target). b) Gradient characterization. Gradient formation in the growth cham-
bers was validated using fluorescein. The green dye has formed a gradient at 1 h. 
Each coloured field in the middle panel correspond a portion of the gradient corre-
sponding to 12.5% of the total gradient. The lower panel displays the average fluo-
rescein gradient (solid line) with 95% confidence interval (blue area) and the linear 
least squares fit (dotted line) of the data (n = 24). 

In summary, the here presented microfluidic chip with 8 growth chambers 
was able to provide susceptibility data for three antibiotics and two growth 
controls within 2-4 hours after the start of measurement. There should be no 
problem extending this assay to 7 antibiotics and one growth control chamber, 
considering the small variation between intra and inter-assay replicates. The 
improved image analysis algorithm and optical system in use in the prototype 
instrument managed to significantly shorten time to answer compared to Paper 
I (Figure 9a). When comparing the assay results to results obtained with the 
BMD reference method, it is important to realize that the linear gradient used 
in this method does not compare directly to the bi-logarithmic scale, and chal-
lenges remain in how to interpret linear results close to bi-logarithmic break-
points. Even so, the categorical agreement between the presented method and 
broth microdilution when testing against difficult isolates was >80%, which is 
deemed acceptable. 
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Paper III - The T2Bacteria panel and rapid AST with 
bacteria pre-sampling for combined ID and AST before 
blood culture positivity 
The aim of this study was to examine other routes to more rapid test results – 
in this case whether the blood culturing step can be shortened. New pheno-
typic and rapid AST methods under development exclusively use positive 
blood culture bottles as starting material, as does the previously described 
rapid AST method from Paper I and II. The single longest method step in 
terms of time in the in the analysis workflow is the blood culturing, which is 
necessary in order to obtain enough bacterial cells to be able to perform phe-
notypic AST. Phenotypic AST is a population level metric and needs to be 
measured on a population scale sample of bacteria, since the susceptibility of 
individual bacteria in a population can vary. However, the QuickMIC system 
can be loaded with comparatively few cells and still produce acceptable re-
sults, down to 104 cfu/mL (Paper I). Literature shows that blood bottles turn 
positive at around 108-109 cfu/mL, i.e. at around 4 orders of magnitude higher 
concentrations than required for the QuickMIC system - indicating that the 
QuickMIC system could be used even before the blood cultures have turned 
positive. However, blood cultures are routinely taken at least suspicion of sep-
sis, and patients with sepsis do not always have detectable amounts of bacteria 
present in the blood, only ~10% of all incoming bottles in the laboratory turn 
out positive, as discussed above. Therefore, it would likely not be practically 
or economically feasible to run rapid AST tests on all incoming blood culture 
bottles, since ~90% of all runs would be wasted. However, with prior confir-
mation of actual BSI the specificity of the blood bottle could be close to 80%. 
Therefore, one way of speeding up rapid AST would be to pre-sample blood 
culture bottles before they turn positive, based on prior knowledge of the like-
lihood of the bottle being positive. This knowledge can come from either clin-
ical presentation, predictive algorithms, bottle calling systems, molecular di-
agnostics or other diagnostic tests for sepsis or BSI; with varying predictive 
performance. 

Recently, the first diagnostic system capable of detecting bacteria directly 
in patient blood without culture, the T2 Biosystems T2Dx instrument with 
T2Bacteria panel, was introduced. This system can to a very high degree 
(>95%) reveal if a patient has an ongoing blood-stream infection, and deter-
mine which bacterial species is present if included on the panel, in 3-5 hours 
from blood sampling. Therefore, a T2Bacteria positive result could be used to 
select which blood culture bottles to pre-sample for rapid AST. When com-
bining the T2 system with QuickMIC, an opportunity presents itself to very 
rapidly provide ID and phenotypic AST profile within 3-5 h (ID from T2Bac-
teria) plus 2-4 h (AST from QuickMIC), i.e. within 5-9 h after obtaining a 
sample from a patient (Figure 10). This can be compared with the clinical stan- 



 41

 

 
Figure 10. Outline of the T2 study arms from Paper III. The standard diagnostic 
workflow of blood culture, followed by MALDI ID and BMD AST was compared 
with a new rapid workflow for bacterial detection and rapid AST from short-incuba-
tion blood cultures followed by QuickMIC analyses. b) A proposed diagnostic algo-
rithm for when to pre-sample a blood culture bottle, based on T2Bacteria positivity. 
A T2 positive signal would trigger a rapid AST run from a pre-sampled bottle, 
whereas the rest of the blood cultures would go through the standard diagnostic 
workflow. 

dard procedure today, which takes at least 48 h from blood sampling to pro-
vide ID and AST with MIC values. To my knowledge, no diagnostic method 
available today or in the near future can match this performance. In this study 
we therefore used the T2Dx diagnostic instrument, aiming to perform a proof-
of-concept study to compare specificity, selectivity, accuracy and precision 
between the T2 system combined with QuickMIC (“rapid workflow”) and the 
standard diagnostic workflow of MALDI-TOF followed by broth microdilu-
tion. A total of 38 clinical strains of 5 common species involved in blood-
stream infections were inoculated in blood bottles for testing this setup.  

We demonstrate that blood cultures may be sampled early and still be ana-
lyzable on the QuickMIC system, by investigating in detail the growth profiles 
of many clinically derived strains in blood culture bottles as well as the lowest 
detection limit of the QuickMIC system. In silico modelling of the resolution 
of the QuickMIC system indicates that it potentially can be loaded with very 
few cells and still produce results with high precision, down to 5*104 cfu/mL 
while still retaining acceptable resolution along the concentration gradient. 
This indicates that the blood culture flasks could be sampled within 5 or 9 h 
after obtaining a sample from a patient, based on the positive signal and ID 
provided by T2MR Bacteria panel. Based on the data in the study, the rapid 
diagnostic workflow total turnaround-time could be significantly faster than 
the standard workflow (9.5 ± 2.5 h vs. 52.9 ± 0.4 h, p<0.001), and significantly 
faster for Gram-negative compared to Gram-positive bacteria (7.4 ± 0.6 h vs 
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12.2 ± 0.4 h, p<0.001) (Figure 11). Using the rapid workflow, the rapid 
ID/AST result would even be available before blood culture positivity for 68% 
of the samples (86% for Gram-negatives, 45% for Gram-positives), and before 
the standard ID result for 100% of the samples. Furthermore, the diagnostic 
sensitivity/specificity at the species level were 94.7%/99.5% and 97.4%/100% 
for T2Bacteria and MALDI-TOF, respectively. The QuickMIC system 
(Gram-negative / Gram-positive panel) results took on average 167 ± 15 min 
to deliver a specific result, and the categorical agreement to broth microdilu-
tion was on average 70.9% (Gram negatives) and 72.8% (Gram positives).  

In summary, the here presented data shows that the low limit of detection 
for the presented QuickMIC AST prototype system potentially allows early 
rapid AST of blood culture bottles, based on selecting which bottles to test 
using T2Bacteria panel culture-free diagnostics for identifying likely blood 
stream infections. However, this approach would still risk sampling bottles 
that are empty, and would be comparatively expensive due to the high cost of 
a T2Bacteria run. Therefore, this diagnostic workflow would optimally be 
used based on patient stratification, such as primarily for critically ill patients 
where a very rapid diagnostic result has the highest clinical value. 
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Figure 11. Performance of the rapid vs. standard workflows. a) Total time for stand-
ard vs. rapid workflows for Gram-negative vs. Gram-positive bacteria. b) Cumula-
tive answer time for QuickMIC AST results. c) Essential and categorical agreement 
to BMD for the rapid AST test results. 
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Paper IV - Faster results, higher precision: Evaluating 
the QuickMIC rapid AST assay in a clinical setting 
The prototype test systems from Paper I, II and III have led to the development 
of a QuickMIC system ready to be commercialized, which uses essentially the 
same microfluidic and light scatter based detection principles. However, the 
current QuickMIC system is designed to be more robust, user-friendly and 
easy to use, and much development work has been done at Gradientech AB 
on these fronts. Several changes have therefore been introduced to the sample 
preparation process, such as switching from centrifugation to filtering to elim-
inate blood cells. The recipe for the gel matrix has also been updated to make 
handling and loading of the cassettes easier. These changes warrant further 
studies on the effects on method performance from the sample preparation 
process. Further differences include an overhauled image analysis and data 
processing pipeline. After these changes, the QuickMIC system is nearing a 
final version. The aim for this study was to conduct a thorough analytical per-
formance evaluation using both inoculated blood culture bottles as well as 
clinical samples, with the goal to provide a map of the current performance 
envelope of the system. Based on this performance data, final changes will be 
implemented to the QuickMIC system before the regulatory performance 
evaluation studies necessary to certify the system for clinical use. This “pilot 
performance study” was performed in cooperation with the Uppsala Univer-
sity Hospital. Since all antibiotics in the QuickMIC assay need to be evaluated 
against multiple S, I and R strains, and resistance rates in blood cultures at 
UUH are low, a reference database of 151 highly resistant strains from 10 
species (Acinetobacter baumannii, Citrobacter koseri, Enterobacter aero-
genes, Eenterobacter cloacae, E. coli, Klebsiella oxytoca, K. pneumoniae, P. 
aeruginosa, Proteus mirabilis and Serratia marcescens) was used to measure 
the performance parameters under investigation. The results were compared 
with broth microdilution BMD assays run in parallel for each sample. A fur-
ther 41 clinical samples were collected from UUH and run directly from pos-
itive blood cultures on the QuickMIC system, and these results were compared 
to standard AST results from UUH (disc diffusion method, DDM). Further-
more, the impact on TATs was evaluated by measuring how much faster test 
results would be available when using the QuickMIC system in a true clinical 
laboratory setting. 

In summary, the analytical performance of the QuickMIC system was 
good, with essential agreement (EA) from 70.8% to 91.7% (mean: 83.2, n = 
1635) depending on antibiotic and from 66.7 to 100% depending on species. 
The overall categorical agreement (CA) for the dataset was 86.3%. The aver-
age time to result for the reference dataset was 182 min (SD ± 24.8 min), with 
a range from 150 to 230 min. The average repeatability of the system (62 runs 
of 3 quality control strains) was 44.6% of the target MIC value, as compared 
to the acceptable interval of 50-150% variation by the reference method BMD.  
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Figure 12. Study layout and performance (TAT) in a clinical setting. a) The study 
layout, with example timeline for one sample. After patient sampling and sample 
transport, the blood culture incubation was started. After positivity and during 
working hours, confirmed Gram-negative samples were run on QuickMIC as well as 
by the routine laboratory standard process (MALDI-TOF, DDM followed by DDM 
from isolate). b) The turnaround times (TAT) and CA between QuickMIC and DDM 
were compared. c) Analysis time, blood culture time and waiting and transport times 
during the study. 

Furthermore, we used a logistic regression model to investigate which sample 
parameters impacted the performance. The factors “tested antibiotic”, “tested 
species”, “resistance category” and “start inoculum concentration” were sig-
nificant factors influencing the performance of the method (p<0.05). Time af-
ter blood culture alarm was on the other hand not a significant factor (p = 
0.348). For the clinical samples from UUH, QuickMIC had 94.9% categorical 
agreement with disc diffusion. For these samples, the mean time to result for 
each drug and bacterium combination was 170 min (SD ±21 min) – likely 
reflecting the fact that a large portion of these samples were susceptible. In-
terestingly, the time from patient sampling until test result availability (TAT) 
was reduced by 40% (33 h vs. 55 h), from using the QuickMIC system instead 
of disc diffusion (Figure 12). The fastest reported TAT for QuickMIC was 22 
h from patient sampling until availability of ID and AST result. The largest 
part of the on average 33 h TAT for QuickMIC consisted of “waiting or 
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transport time” (48%), indicating that TATs of on average 16 h, down to 11 
h, could be achievable if the transport and waiting times were reduced, by e.g. 
placing the QuickMIC system and blood culture cabinet near the ward. 



 47

Concluding remarks 

Even though bacteria normally are rapidly cleared from the blood by the im-
mune system, bacterial infection may arise, in turn possibly leading to sepsis 
and septic shock. Sepsis is a life-threatening condition, where the inflamma-
tory response to infection targets tissues and organs34. Mortality in sepsis is 
very high, at 25-30%35, but can be reduced by early and appropriate antibiotic 
treatment. The time until appropriate antibiotic therapy is started impacts mor-
tality and morbidity to a large extent, from 1-7% increase in mortality per hour 
of delayed treatment in sepsis and septic shock44,45. With increasing antimi-
crobial resistance globally, the likelihood of successful treatment is continu-
ously reduced.  

I have been investigating various low-magnification, wide-field optical set-
ups with high cell-mass resolution for simultaneously quantifying bacterial 
growth rates of tens of thousands of bacterial cell clusters growing in antibiotic 
gradients generated using microfluidics. Thorough verification and validation 
testing is key for optimizing performance, and in this thesis I present a suc-
cession of rapid AST prototypes where we iteratively gather pre-clinical and 
clinical performance data for further development. Furthermore, for improved 
clinical outcomes all steps of the sepsis diagnostics pipeline must be improved 
- new culture-free sepsis diagnostic methods directly using patient blood are 
becoming available, such as the T2Dx system. In this thesis I present a diag-
nostic workflow linking early sepsis detection and bacterial identification us-
ing T2MR technology with rapid AST using the QuickMIC system, with the 
goal to reduce TATs to hours instead of days. Finally, I present a comprehen-
sive performance evaluation of the near-final QuickMIC system, used in a 
clinically realistic setting – and demonstrate a 40% reduction in TAT com-
pared to standard diagnostics, with TAT down to 22 h after patient sampling. 
As discussed above, rapid diagnostics capable of TATs of less than one day 
could enable earlier de-escalation of broad-spectrum empirical therapy, as 
well as enable rapid adjustments to treatments when coverage is lacking. This 
is likely to reduce mortality as well as healthcare costs associated with increas-
ing resistance. However, this new method does come with some caveats. 
Firstly, while the decision to use a linear gradient did result in a method with 
higher precision than BMD (44% vs. 50-150% variation), the downside is a 
smaller dynamic range. This means that most tested samples will fall outside 
of the high-precision QuickMIC “window”, especially the large population of 
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sensitive wild-type samples. Therefore, we have positioned the “high resolu-
tion window” over the critical break-point area for the antibiotics tested, which 
arguably is of most clinical significance – the exact MIC of a very sensitive 
or very resistant strain is less useful to guide therapy. This lower dynamic 
range also means that for some species with diverging breakpoints, the break-
point for one species may be off-scale. However, at least for the Gram-nega-
tive panel of antibiotics this has not been the case for any tested species so far. 

Another issue with the current iteration of the QuickMIC method is the 
overall agreement to BMD, which is low for some antibiotic/species combi-
nations. The overall essential agreement of 83.6% is below the commonly ac-
cepted standard of 89.9% EA for acceptance of a new method. However, we 
have consciously used a very difficult strain collection with a high degree of 
resistance (29%) during development of the method, to increase the likelihood 
of identifying rare edge-cases and maximize the collection of data to allow 
further tuning of the system. When used with “real life” strains, such as in the 
41 clinical samples in Paper IV, the essential and categorical agreement are 
much improved. Furthermore, when comparing our BMD values for this strain 
collection with BMD run by the EUCAST Development Laboratory in Växjö, 
Sweden, even the overall BMD-to-BMD essential agreement is only 88% for 
this strain collection. This points to the general problem of using BMD as 
reference method – in itself it can fail the 89.9% criteria. In that sense, we can 
conclude that QuickMIC in its current iteration performs similarly to BMD 
when compared to BMD.  

The general performance of a rapid AST method will depend on the bio-
logical specifics of the sample tested (specific growth rate, inoculum concen-
tration, species dependent interactions with antibiotics) as well as technical 
specifics of the method itself (sensitivity and resolution of the detection sys-
tem). Whereas technical specifics can be adjusted by improving the system 
design, the biological factors can only be optimized for by providing an opti-
mal growth environment and adjusting for the inoculum concentration. There 
are indeed “hard limits” however (Table 1) determined by the biological fac-
tors, no matter the resolution or sensitivity of the method. Bacteria will only 
grow at a certain maximum speed, and antibiotics will only enter the cell, bind 
to the target and affect the cell at a certain maximum rate. These biological 
limits set the maximum achievable performance of all phenotypic AST meth-
ods. Based on these considerations, the QuickMIC system as presented here 
may lie close to the fastest possible performance of a phenotypic method (i.e. 
that we have reached the limitations imposed by biology) for testing Gram-
negative bacteria in blood cultures encountered in a clinical setting. 

Furthermore, it is clear from paper IV that even though rapid AST in itself 
can reduce sample TATs by at least 40%, virtually half (48.7%) of the total 
time required from patient sampling to answer is spent on transporting and 
waiting. Therefore, improved sample flows could potentially further reduce 
the TAT as reported here – but to achieve this, it is clear that the rapid AST 
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analysis would have to occur closer to the patient. This is only possible to 
accomplish with a method suitable for use at multiple small sites, which in 
turn sets requirements on the size, ease of use and connectivity of the rapid 
AST method. A small, automated and intermediate-capacity system such as 
QuickMIC could potentially be positioned next to the blood culture cabinet 
near the ICU or in local hospitals which are otherwise served by a central 
laboratory, so that positive blood culture bottles could be analyzed directly on 
site. This would require a matching ID system which could be used in tandem 
with QuickMIC, for example the molecular diagnostic system T2Bacteria 
Panel as reported in Paper III. Other examples of note include the GenMark 
ePlex® system, Curetis Unyvero™ and the BioMerieux FilmArray® systems. 

I believe that these types of smaller, automated and networked analysis sys-
tems which can be used closer to the patient are crucial for improving diag-
nostic speeds. Furthermore, access to effective diagnostics has been argued to 
be as fundamental as access to antibiotics24,106,107, but remains problematic es-
pecially in resource-poor settings due to the lack of appropriate infrastructure 
needed to effectively implement diagnostic guided therapy. I believe that these 
types of “near point of care” systems also may hold promise for use in re-
source-poor settings, since they have lower requirements on laboratory infra-
structure24,28. Paradoxically, using a more complicated and expensive diagnos-
tic method might make more sense in a low resource setting, since the total 
cost may still be lower than building a full microbiology laboratory and train-
ing microbiologists. 

In summary, by developing new rapid analysis methods such as the here 
presented QuickMIC system, we could potentially enable better access to di-
agnostics in both resource poor and resource rich settings, which may enable 
better guided treatments, in turn reducing the unnecessary use of antibiotics 
and improving outcomes in sepsis. 
 



 50

Future perspectives 

Regulatory trials of performance 
Before the QuickMIC system can be used as intended, it needs to pass regula-
tory compliance checks of performance. These are usually done as large ana-
lytical and clinical performance evaluations, similarly to the study presented 
in Paper IV. The clinical performance evaluation needs to be conducted using 
at least 2 external laboratories in addition to the laboratory at Uppsala Univer-
sity Hospital. In this type of study, 300 samples will be run, of which at least 
50% need to be actual patient material, and compared to standard BMD. Eval-
uation criteria will be Essential and Categorical agreement to BMD. We are 
currently setting up contacts with external laboratories to start the coordina-
tion of such a study. There are real remaining challenges in bringing the 
QuickMIC system through these studies, and the accuracy and agreement with 
BMD needs to improve even further to reach the acceptance criteria. Much of 
the work will be based on the data gathered in Paper IV. 

Enhancing the functionality of the QuickMIC system 
After the ongoing studies are finished, I aim to examine ways to add function-
ality to the existing QuickMIC system. One aim is to develop the instrument 
and analysis software to enable detection of polymicrobial samples and warn 
the user after or during the analysis run of this fact, or possibly to suggest an 
individual MIC reading for each species in the polymicrobial mix. However, 
it is likely that the performance and resolution of the current optical system 
needs to be further developed to discriminate different MIC values on a spe-
cies level in a mixed sample. Handling polymicrobial samples is a weak point 
of rapid AST systems in general, since these sample types traditionally are 
dealt with using sub-culturing to isolate each species. The current QuickMIC 
system could however be used to address this issue as the user can study and 
inspect the microcolonies growing in the growth chambers, analogous to how 
you inspect a disc by eye when performing rapid disc diffusion. In that case, 
when you notice a polymicrobial sample you should discard the results and 
subculture the individual species. In the case of an automated instrument, 
providing an alert for the user would reduce the chances for missing these 
cases, and thereby potentially report a possibly false result. Another future 
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goal is to investigate an upgrade of the optical system to better enable single 
cell resolution. Currently the signal difference between 1 and 2 cells in a clus-
ter is small, making it hard to detect early growth in a reliable fashion. The 
addition of this functionality would allow the system to earlier detect 
growth/no growth, and potentially allow providing an early “S or R” readout 
within 20 minutes for specific and fast-acting antibiotics. 

Studies on clinical impact of rapid AST 
One constant theme during this project has been the scarcity of data on the 
clinical utility of rapid AST. Many are convinced that rapid diagnostics will 
have a positive impact on patient management and antibiotic prescription, but 
there are currently few studies conducted to support this notion, likely due to 
the fact that few rapid AST methods currently are in clinical use. The Quick-
MIC system, should it be certified for clinical use, may be useful in conducting 
prospective studies on the clinical effects of rapid AST. 
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