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Abstract

:

Atmospheric air is a microbial habitat of pathogenic bioaerosols that may pose serious risks to humans. A commonly laboratory-based approach for the diagnosis of such infections in the bloodstream is the blood culture analysis. Its clinical relevance is attributed to the fact that these infections are characterized by high rates of morbidity and mortality, requiring the need for efficient methods for rapid diagnosis. For this reason, our study aimed to develop a method of manometric monitoring for the rapid detection of viable microorganisms in blood culture vials. A methodology was developed to detect pressure variation in intra-vials through a manometric instrument that was coupled to vials of blood culture containing culture broth that allowed microbial growth. This device allowed the early detection of microbial activity based on the production or use of intra-flask gases as a result of microbial metabolic activity. The analyzed variables were the pressure as a function of time, microbial species, and culture medium. The highest pressure found in the flasks without microorganisms was 40 mmHg between 2 and 6 h, and the lowest pressure was −42 mmHg between 21 and 24 h. The variation of the internal pressure in blood culture flasks according to different groups of microorganisms as a function of time demonstrated that the fermentative gram-negative bacilli and gram-positive cocci exhibited a significant increase in relation to their respective control groups (p < 0.001). The non-fermenting gram-negative bacilli showed expected results in relation to the pressure variation in which the production of negative pressures was noticed during the period of analysis, with a significant difference with respect to their control groups (p < 0.001). The developed methodology for the early detection of microorganisms responsible for bloodstream infection was demonstrated to be effective.
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1. Introduction


Sepsis is considered a public health concern of worldwide dimension due to high rates of morbidity and mortality [1]. It is estimated that about 18 million cases occur and more than 27% are responsible for the incidence of mortality [2,3]. The latest key-facts available from the World Health Organization (WHO) date back to 2017, reporting a total of 48.9 million cases and 11 million sepsis-related deaths, reaching ca. 20% of all deaths worldwide [4]. In Brazil, the incidence of sepsis increased by 50.5% during the period 2006 to 2015 [5].



Due to the severity of sepsis, the use of empirical treatment with broad-spectrum antimicrobials is necessary whenever suspicion occurs [6,7]. Besides, frequency of nosocomial infections, resulting from microbiological contamination of surfaces and/or air of inpatient treatment facilities [8] such as hospitals, pharmacy shops and other clinical facilities, increases the need for an efficient and fast diagnostic tool. Indeed, the quality of air in public facilities is instrumental to ensure global healthcare, as air often contains microbial pathogens that may reduce immunity. A statistically significant correlation between the concentration of bacteria and the season of the year, size and location of pharmacy shops has recently been reported to be under study [9]. Medical protocols strongly indicate the need for blood collection for blood culture before antimicrobials are administered due to the imminent need to know the etiologic agent, as well as their susceptibility profile to antimicrobials [10]. The need for information provided by blood culture becomes even more evident due to the increasing rates of multiple-resistant microorganisms [11,12,13].



Blood culture is a widely used test for the investigation of bloodstream infections (BSI), being considered the best laboratory test for the diagnosis of sepsis [14,15]. Different methodologies—automated, semi-automated and manual methods—are available on the market and all have in common the need to inoculate the blood sample in specific flasks, containing culture media capable of favoring the growth of microorganisms.



The automated blood culture methodologies, considered the most efficient and used worldwide, demonstrate advantages in terms of specificity, sensitivity and an average positivity time of 24 h [16,17,18]. However, microbiology laboratories with no financial resources are at a disadvantage because they need monitoring equipment that has a high cost of acquisition and maintenance [18,19,20]. Manual methodologies are thus used as an alternative. Although they are efficient and economically viable, they do not have positivity indicators—requiring subcultures at 48 h intervals for detection—and the time to positivity of blood culture usually varies between 36 and 72 h [19,21,22]. The implementation of this methodology contributes to increased turnaround time and, consequently, compromises patient care [23]. In addition, the delayed diagnosis may reflect the high health costs related to length of stay and use of antimicrobials [24]. It is noted that the development of fast and accurate methodologies that identify specific pathogens and provide information on sensitivity to antimicrobial agents is essential for the improvement of detection of BSI and sepsis [25,26]. As the growth of microorganisms is always followed by a series of metabolic changes, the intensity of these latter may increase or decrease depending on the concentration of microorganisms. The physiological indicators available include the detection of DNA, RNA, ATP, carbon dioxide production and oxygen consumption [27,28].



A suggestive alternative are techniques that aim to detect microorganisms through microbial metabolism in closed blood culture systems [29]. Current methods available on the market are based on the pressure variation in blood culture vials through the production or consumption of gases [29,30,31]. Some of them use indicating devices attached to the bottles [19], while others use automated detection equipment [31,32].



Finally, there is a need to seek methods that combine advantages, such as low cost, high sensitivity and rapid diagnosis, aiming not only at the diagnostic improvement, but also affordable acquisition by the laboratories. Therefore, the ultimate aim of this work was the development of devices capable of detecting the smallest variations in pressure behavior in blood culture flasks, followed by the production or metabolization of biogas by the microorganisms present in the sample, as an effective, simple, fast and inexpensive alternative for laboratories that do not have the benefits of automation. This study aimed to develop a methodology based on a diagnostic kit for the detection of viable microorganisms in blood culture vials more quickly.




2. Materials and Methods


2.1. Selection of Microorganisms


The choice of the microorganisms used in this study was based on two different factors: their relationship as an etiological agent of sepsis and the prevalence described in the literature from the data presented by Baykara et al. (2018) [33], Yusef et al. (2018) [34] and WHO, (2020) [35]. The bacteria selected for this work are described in Table 1. The ATCC bacterial strains were obtained from the Tropical Culture Collection of the Foundation André Tosello (Campinas, SP, Brazil) and Controllab (Rio de Janeiro, RJ, Brazil). The bacterial strains of clinical specimens were kindly provided by Monera Microbiology Laboratory (Aracaju, SE, Brazil).




2.2. Isolation and Identification of Microorganism


The lyophilized ATCC bacterial strains were suspended for reactivation in BHI (brain heart infusion) enrichment medium (Oxoid LTD, Basingstoke, UK) inside 5 mL test tubes which were subsequently incubated in a bacteriological oven (Quimis® q316m) with electronic thermostat set at 35 °C for 24 h, following the manufacturer’s recommendations. After incubation period, the bacteria were isolated in blood agar using streak plate technique (Oxoid LTD, Basingstoke, UK) with the aid of a platinum inoculation loop. Additionally, a new fresh isolate was performed for the clinical isolates from their primary culture into blood agar plates. The plates were then incubated under the same conditions previously described. After 24 h incubation, the bacteria were phenotypically identified using the automated Vitek® 2 (Biomérieux) system. For each experiment 3 different strains: ATCC isolate (i-ATCC); Clinical isolate 1 (CI-1); Clinical isolate 2 (CI-2), were obtained under the same growth conditions.




2.3. Preparation of Broth Culture


The culture media used in this work were Brain Heart Infusion-BHI broths (MD-media Master Diagnostica, SP, Brazil), Thioglycolate-THIO (Kasvi, PR, Brazil) and Trypticase Soy Broth-TSB (MD-media Master Diagnostica, SP, Brazil). For the broth cultures preparation, 18.5 g, 14.9 g and 15 g of BHI, THIO and TSB powders were weighed, respectively, in 500 mL flasks with the aid of a semi-analytical balance (bl-3200 h Shimadzu). After weighing, 500 mL of distilled water was added in each flask to dissolve the powder, followed by homogenization with the aid of a glass stick for complete dissolution. Afterwards, 45 mL of the broth were distributed in glass flasks (80 mL). The vials were hermetically sealed with a rubber stopper and sterilized in moist heat for 15 min at 121 °C in a vertical autoclave (AV Phoenix Luferco, Araraquara, SP, Brazil). After sterilization and cooling to room temperature, the flasks were incubated at 35 ± 2 °C/24 h in a bacteriological oven for sterility test. Lastly, culture media that did not exhibit turbidity or changes in color and pH recommended by the manufacturer were used. The color changes were observed visually in an environment with light and a light background. The pH was measured using reactive pH tapes (Macherey-nagel®) with sensitivity from 0 to 14.




2.4. Device for Detecting Pressure in Blood Culture Vials


Twelve aneroid manometers (Wenzhou Medical Instruments Co. Ltd., Wenzhou, China, with Inmetro certification) were used to measure intra-bottle pressure from production or consumption of gases by bacteria and other control tests contained in the headspace of the flasks. The pressure gauges employed have detection sensitivities between 0 to 300 mmHg (clockwise) and 0 to −300 (counterclockwise), where 0.00135951 kgf/cm2 is equivalent to the force required to move the pressure marker to 1 mmHg (Figure 1).



The pressure gauges were connected to the flasks through the rubber stopper. With the aid of a tweezers previously sterilized in dry heat, the sterile rubber caps were punctured (1 to 2 mm) in their central region and later attached to the manometer connector (5 mm). The glass vials containing the previously prepared culture media were uncapped next to a lamp flame in order to avoid contamination, and immediately the cap attached to the prepared manometer was connected to the mouth vial. After setting up each instrument, the leak test was performed. Using a 10 mL syringe attached to a needle, 10 mL of air was introduced into the syringe plunger in order to observe the pressure increase in the system. This pressure was maintained for 60 s to analyze possible air leaks and consequently the pressure loss. Instruments that did not show pressure loss during the tests were used.




2.5. Selection and Evaluation of Different Culture Media for the Detection of Microorganisms


Culture media were prepared in BHI, THIO and TSB culture media, as well as the manometers coupled according to the previously described recommendations. Three bottles of each culture medium were used for each bacterium used (triplicate test). The bacteria used were Enterobacter cloacae ATCC 13,047 and Staphylococcus aureus ATCC 25,923. The bacterial inoculates were prepared in test tubes with 4 mL of sterile 0.9% saline. Initially, with the aid of the bacteriological loop, 2 to 3 colonies were transferred from the culture media to saline solution, where it was homogenized until its complete dissolution. The concentration of bacteria corresponded to the McFarland 0.5 scale (≅1.5 × 108 CFU/mL). A 5 mL syringe and sterile needle-diameter 0.70 mm and length 25 mm were used to aspirate the inoculum from the test tube and transfer it to the flask through the rubber stopper. The aspiration needle attached to the syringe was submerged in the saline to obtain 1 mL of the suspension, where the plunger of the syringe was pulled negatively. Subsequently, a sterile needle was bent at 40° and inserted into the rubber cap of the vial. The syringe was detached from the suction needle and it was attached to the needle previously inserted in the cap. The plunger was pushed positively in order to transfer the inoculum into the bottle. The syringe was first uncoupled to let the needle generate a free bridge between the external environment and allow the intra-vial pressure to be zero. The pressure gauges remained attached to the flasks for 24 h, incubated in a bacteriological oven at 35 ± 2 °C. The readings were performed with an interval of 1 h for 6 h from the zero time and for 24 h observing the pointer marking on the graduation of the manometer.




2.6. Determination of Maximum and Minimum Pressure in Blood Culture Flasks Containing Selected Culture Medium and Determination of Statistical Time-to-Positivity (Sttp) and Time-to-Positivity (TTP)


To evaluate the maximum and minimum pressure, a group of 63 bottles of BHI broth were used. Then, the aneroid gauges were reconnected to the vials as previously described. Subsequently, 1 mL of sterile 0.9% saline solution was added with a syringe and needle through the rubber stopper of the bottle. The flasks were then incubated in a microbiological incubator at a temperature of 35 ± 2 °C for 24 h. The reading times took place at intervals of 5 min during the 24 h with the aid of a 13.0 mp camera from a cell phone (Motorola® model xt1600). The analysis of the images allowed to analyze the pressure changes every 1 h from time 0 (time of incubation). To determine the TTP and STTP, the pressure values obtained from the results of the experiments described in Section 2.5 were used. TTP was determined by calculating the mean and standard deviation of pressures over time (0 to 24 h). The determination of the STTP was performed with the analysis of the interquartile range of the results of the pressures obtained over time (0 to 24 h). Subsequently, the module value of the highest and lowest pressures observed were calculated using a safety margin of 25%.




2.7. Analysis of the Internal Pressure Variation Profile in Blood Culture Flasks According to Different Groups of Microorganisms


For this analysis, the bacteria described in Table 1 were used. The assays were carried out with four groups: control group (flask with 45 mL of BHI broth + 1 mL of sterile 0.9% saline); isolated group 1 (flask with 45 mL of BHI broth + bacterial suspension corresponding to 0.5 McFarland scale [≅1.5 × 108 CFU/mL] of clinical isolate 1); isolated group 2 (flask with 45 mL of BHI broth + bacterial suspension corresponding to 0.5 McFarland scale [≅1.5 × 108 CFU/mL] of clinical isolate 2) and isolated ATCC group (flask with 45 mL of BHI broth + corresponding bacterial suspension the McFarland 0.5 scale [≅1.5 × 108 CFU/mL of the ATCC isolate). The tests continued with the coupling of the aneroid manometers to the flasks and the addition of bacterial suspensions and sterile 0.9% saline solution in the flask contents, followed by incubation in a bacteriological oven and reading as previously described.




2.8. Statistical Analysis


Initially, the data were submitted to an analysis of normal distribution using Shapiro-wilk’s method. Then, the homogeneity of variances or heteroscedasticity were performed using Bartlett’s test (for gaussian data) or Levene’s test (for non-gaussian data). Gaussian data were expressed as mean ± standard error of the mean. Non-gaussian data were expressed as median and interquartile range (iqr). Differences between gaussian data means and or with homoscedasticity were analyzed using the analysis of variance (ANOVA) test, followed by the Tukey and Dunnett multiple comparisons test. Differences between non-gaussian and/or heteroscedasticity data means were analyzed using the Kruskal–Wallis test, followed by the Tukey multiple comparison test. Differences between means were considered significant when the p-value is less than 0.05. Graph pad prism version 8.0.2 was used to perform the calculations.





3. Results and Discussion


3.1. Performance and Selection of Different Culture Media


To determine the best culture broth and detect the presence of bacteria by pressure variation, preliminary tests were necessary. The results depicted in Figure 2, using Enterobacter cloacae ATCC 13,047 revealed no significant differences in pressures between the culture media used during the first 4 h (p > 0.05). Between 5 and 6 h, a significant pressure increase was observed in BHI broth in response to the production of gases inside the flasks when compared to the other evaluated broths (TSB and THIO) (p < 0.05). Moreover, a significant increase in pressure was observed in BHI and TSB, and both presented pressures of 300 ± 0 mmHg (maximum pressure that the device can detect) after 24 h, when compared with THIO broth (p < 0.05). These results demonstrate that, although all the broth media tested are excellent culture media for the recovery of microorganisms, BHI and TSB were considered the most efficient in terms of gas production.



As shown in Figure 3, the cultivation of Staphylococcus aureus ATCC 25,923 in blood culture flasks containing BHI broth was also efficient to allow the detection of significant pressure increase after 5 h. Therefore, because of its excellent performance in allowing the bacteria to produce gases in sufficient quantity to determine significant pressure variations inside the flasks, BHI broth was the medium chosen for carrying out the following tests. As there is no ideal culture medium for the isolation of microorganisms derived from the bloodstream [36,37], this study sought to evaluate the ability of bacteria to grow and simultaneously produce or consume enough gases to generate pressure variations in different media culture routinely applied for blood culture. Culture broths support the growth of a wide range of bacterial species such as tryptone soy broth (TSB), which favors the growth of yeasts, fungi and aerobic bacteria-and brain heart infusion (BHI), which promotes growth of streptococci, pneumococci, meningococci, enterobacteria, non-fermenters, yeasts and fungi [38]. Thioglycolate is another commonly used broth that favors the growth of aerobic, facultative and mainly anaerobic microorganisms, due to the O2 reducing capacity [36,39]. The growth of these microorganisms will depend on the constituents of the media as well as the presence of oxygen in the flasks.



The majority of laboratories have commonly used a set of two bottles, including aerobic and anaerobic atmospheres, to perform routine blood cultures [40]. The use of the two atmospheres, combined with the same culture medium, aims to maximize the yield of obligately aerobic microorganisms, obligately anaerobes and facultative anaerobes. It is worth mentioning that the BHI broth in an aerobic atmosphere favored the growth and production of gases by the bacteria used here. TSB and THIO broths, despite allowing the growth of microorganisms, were not efficient for the production of gases when compared to BHI.



The choice of bacteria Enterobacter cloacae ATCC 13,047 and Staphylococcus aureus ATCC 25,923 for this study is justified because they are facultative anaerobic capable of using fermentation and respiration as an energy source and consequently gas production. In addition, these species represent the two major groups of pathogenic bacteria, gram negative and gram positive, respectively [41].




3.2. Definition of the Maximum and Minimum Pressure for the Detection Time of Microbial Activity


According to the data depicted in Figure 4, pressures varied substantially over time during analyzes using BHI flasks. The highest pressure found in bottles without microorganisms was 40 mmHg between 2 and 6 h and the lowest pressure was 42 mmHg between 21 and 24 h. These results were already expected due to physicochemical changes related to temperature, pressure and gas solubility. The positive pressures observed over time are related to the events of vaporization of the contents of the culture medium. The flasks, before being incubated in a bacteriological oven, exhibited a pressure of 0 mmHg shortly after preparation at room temperature. Inside the microbiological oven at a temperature of 35 ± 2 °C, the constituent molecules of the broth cause agitation as a result of thermal energy transfer [42]. As a result, the vaporized molecules in the headspace collide with the walls of the flasks, generating force evidenced by the increase in intra-flask pressure. More volatile substances present in the intra-vial content can also flow quickly, from liquid to gaseous [43].



The vapor pressure of a liquid can be described as a colligative property related to its molecular characteristics and temperature. The lower the forces of attraction between the molecules in the liquid phase, the less difficult it is for them to flow into the vapor phase and, consequently, the greater the vapor pressure of this liquid and its volatility [44]. Additionally, each molecule has its own colligative properties. These physical phenomena explain the pressure increase in flasks containing culture medium without microorganisms. Furthermore, it is possible to observe the formation of a vacuum, evidenced by the negative pressures. Over time, a dynamic equilibrium occurs between vaporization and condensation of the vapor gas and the molecules return to the liquid phase, along with the dissolution of the pre-existing gases in the headspace of the flask. Finally, the diffusion of gases and the condensation of substances promote a decrease in pressure at a constant temperature [43,45,46].



The pressure variations in BHI culture medium without microorganism will depend on the amount of substances present in the medium. It is important to note that BHI broth is a culture medium rich in nutrients with a complex formulation derived from the infusion of brain and heart, peptone and glucose [47]. Therefore, in the current investigation it was noticed the pressure variations of BHI broth without microorganisms submitted under the same conditions as with microorganisms. Subsequently, cutoff points (intervals) for the detection of microorganisms (TTP) were also determined.




3.3. Profile of Internal Pressure Variation in Blood Culture Flasks According to Different Groups of Microorganisms X Time


As illustrated in Figure 5, Figure 6 and Figure 7, the internal pressure in blood culture bottles containing fermentative gram-negative bacilli and gram-positive cocci demonstrated a relevant increase in relation to their respective control groups (p < 0.001). These data suggest the progressive formation of gases by such microorganisms as a result of their metabolic activity. Bacteria can use different substrates and metabolic pathways to produce essential substances for their survival. Nevertheless, the production of gases and volatile substances at different levels is a common feature for all [48].



Oxidative cell respiration, or fermentation, is a metabolic pathway performed by all bacteria for energy acquisition. These are processes that involve the use of oxygen and the production of CO2. The quantity of gases used or produced will depend on the metabolic rate, availability of nutrients and number of viable bacteria. Therefore, the yield of the oxidative pathway for ATP production, despite being higher than the fermentative pathway, produces less biogas production because it occurs at a lower speed [49,50,51]. In this context, it is known that bacteria perform the form of metabolism that most benefits them energetically. The evaluated glucose-nonfermenting gram-negative rods, and gram-positive bacteria have the ability to breathe anaerobically even in the presence of oxygen. In summary, it is possible to suggest that fermentation was the pathway responsible for the highest gas production and, therefore, the results of the present study were expected [49].



Among the glucose-nonfermenting gram-negative rods evaluated in this study, all isolates of Citrobacter freundii, Enterobacter cloacae, Klebsiella pneumoniae, Salmonella spp. and Serratia marcescens exhibited the highest peaks of positive internal pressure in the flasks (300 ± 0 mmHg), while the lowest values were presented by Escherichia coli ATCC (133.3 ± 16.29 mmHg), Morganella morganii isolate 2 (265.3 ± 6.11 mmHg) and Proteus vulgaris ATCC (98.67 ± 9.01 mmHg). Concerning gram-positive cocci, Staphylococcus aureus isolate 1 (94.67 ± 5.77 mmHg), Enterococcus faecalis ATCC (147.33 ± 9.86 mmHg) and Streptococcus agalactiae ATCC (81.33 ± 11.02 mmHg) demonstrated greatest pressure increase, while Staphylococcus aureus ATCC (59.33 ± 7.57 mmHg), Enterococcus faecalis isolate 1 (74.00 ± 3.46 mmHg) and Streptococcus agalactiae isolate 1 (64.67 ± 15.11 mmHg) the lowest pressure. Accordingly, in all vials containing these bacteria, the pressure values obtained were notoriously higher than the maximum records obtained in all control groups. These data support the hypothesis that microorganisms are capable of significantly changing the internal pressure of blood culture bottles in a closed system due to their metabolic products. Therefore, the data collected in this study are relevant for the subsequent elaboration of a device capable of detecting the presence of microorganisms through pressure variations.



Glucose metabolism can lead to different products through the glycolytic pathway and these substances depends on the availability of nutrients in the culture medium used. Among those final products are lactic acid, ethanol, hydrogen, carbon dioxide and volatile fatty acids [52,53]. In this study, the BHI broth used to recover the known microorganisms proved to be effective for the production of gases by fermentative gram-negative bacilli and gram-positive bacteria.



The fermentative gram-negative bacilli studied are from the order Enterobacterales [54]. These organisms are known to be efficient in fermentation processes using organic substances as a carbon source and their main gaseous products are CO2 and H2 [55,56,57,58]. For instance, the genus Enterobacter is known for its effectiveness in the production of gases, especially hydrogen. Studies report the widespread use of this genus in fermentation processes due to its metabolic versatility and adaptive capacity to the different atmospheres imposed [59,60,61].



The gram-positive bacteria applied in this study also have facultative anaerobic metabolism [62]. A study reported by Ferreira et al. (2013) [63] demonstrated that Staphylococcus aureus can grow aerobically or anaerobically using glucose as a carbon source. The authors also reported that, in the presence of O2, S. aureus uses the oxidative pathway whereas in its absence the fermentative pathway is used producing acetate, lactate, ethanol and 2,3-butanediol as products. The Streptococcus and Enterococcus genera are also able to form products from their metabolism process [64,65,66]. The substances produced by the metabolic pathways appear to be involved in the increase of intra-bottle pressure.



Non-fermenting gram-negative bacilli reported expected results in regard to pressure variation besides negative pressure induction during the analysis time being noted. The investigated bacteria do not use the fermentative metabolic pathway; therefore, they use the oxidative respiratory pathway for glucose degradation and energy generation. Furthermore, bacteria can use oxygen and nitrogen-reducing molecules contained in the [51]. It is assumed that negative pressures are generated as a result of the diffusion of pre-existing gases in the headspace of the flasks as the bacteria use the reducing molecules [43].



As illustrated in Figure 8, glucose non-fermenting bacteria such as Acinetobacter baumannii ATCC (−142.70 ± 3.05 mmHg), Pseudomonas aeruginosa ATCC (−98.67 ± 16.29 mmHg) and Stenotrophomonas maltophilia isolate 2 (−100. 00 ± 3.46 mmHg) provided highest negative pressure peaks while the lowest values were represented by Acinetobacter baumannii isolate 2 (−114.70 ± 11.02 mmHg), Pseudomonas aeruginosa isolate 1 (−78.00 ± 23.07 mmHg) and Stenotrophomonas maltophilia ATCC (−96.00 ± 7.21 mmHg). The maximum pressures of the tested bacteria were higher than the maximum records obtained in the control groups.



Glucose metabolism in nonfermenting gram-negative bacilli occurs via phosphorylation to glucose-6-phosphate or through direct oxidation to gluconate, catalyzed by membrane-bound glucose dehydrogenase. Glucose dehydrogenase in turn transfers electrons from carbohydrates directly to the electron transport chain [67]. The final electron acceptors of most species in this group are O2, although other molecules such as nitrate can be used [68,69,70]. Therefore, we can correlate the negative pressures to the vacuum generated during the condensation or diffusion of the gaseous substances present in the headspace of the blood culture flask.




3.4. Determination of Statistical Time-to-Positivity (STTP) and Time-to-Positivity (TTP)


Another aspect of great relevance was the time taken to determine the positivity rate of bacterial metabolic activity in the different microorganisms studied. Table 2 displays the statistical time-to-positivity (STTP), representing the period in which the flasks with microorganisms revealed mean values of internal pressure significantly different from the control group, and time-to-positivity (TTP), constituting the moment from of which the pressure values, in module, would be above the limits adopted for positivity of the test (~|50| mmHg) with a safety margin of 25%. The fermentative gram-negative bacilli showed STTP between 5 and 6 h, and maximum TTP (highest TTP in the group) was 14 h besides that this was the group of bacteria which mainly produced gases through their optional aerobic metabolism. Gram positive cocci exhibited STTP between 3 and 12 h and maximum TTP of 18 h. Glucose non-fermenting gram-negative rods, on the contrary, exhibited an STTP value between 6 and 10 h and a maximum TTP of 21 h.



In addition, the results obtained in this current study evidence that the time of positivity of all microorganisms corroborates a study reported by Puerta-alcalde et al. (2018) [71], in which they suggest most of the microorganisms that cause BSI are positive over the first 24 h from the incubation time. Therefore, the present methodology employed demonstrated effectiveness to detect the presence of microorganisms using the BHI broth. On top of that, several aspects should be taken into account when comes to standard positive time for the detection of microorganisms in the blood. These factors include methodology, incubation time, bacterial load, volume of blood in the bottles and culture conditions [72,73,74]. Therefore, the TTP obtained with the methodology developed in this study can be considered significantly satisfactory when compared to the STTP found in some recent studies. The mean tpp found was lower (11 am) than the values reported by Guerti et al. (2011) [75] (21.33 h), Abdelhamid (2017) [76] (21.10 h) and by Ning et al. (2016) [17] (24.91 h), who used automated blood culture methodologies. In contrast, some microorganisms such as S. aureus, Streptococcus spp., Enterococcus and Acinetobacter spp. Can take from 48 h to 72 h to positive [76]. This information corroborates the findings found in this study, where after 24 h these bacteria presented the highest TTP.



In summary, automated methodologies manifest several advantages regarding the STTP when compared to manual methods [73]. Therefore, despite the manual methodology being applied in this work, the positivity rate is similar to the times resulting from automated methodologies [20,29].



In the present analysis, the behavior of the internal pressure in blood culture vials over 24 h also revealed a different profile among the microorganisms evaluated. Gram positive cocci indicated pressures between 50.0 mmHg and 150.0 mmHg, whereas fermenting gram-negative rods expressed pressures greater than 150 mmHg. On the other hand, non-fermenting gram-negative rods showed negative pressures below 50.00 mmHg. Thus, the intensity of the increase or decrease in internal pressure in blood culture bottles after 24 h also seems to provide subsidies to suggest which group of microorganisms is present in the blood culture sample.



Preliminary data are crucial and contribute to the diagnostic reasoning during the identification of the etiological agent of sepsis. Therefore, the time-to-positivity can indicate the paths by which the microbiologist will take to identify and provide preliminary information about the microorganism under analysis [77].



It is also important to note that, when we point out the bacterial load in the blood sample and the sensitivity of the methodology used, we refer to the time-to-positivity which, therefore, will be correlated with the patient’s prognosis [78]. Studies indicate that the time-to-positivity serves as an indicator of sepsis prognosis [78,79,80,81] and has been associated with increase in hospitalization rates, length of stay and hospital costs. For this reason, methodologies that provide sensitivity and specificity in the short-term diagnosis directly affect early intervention mostly regarding antimicrobial therapy.





4. Conclusions


In summary, this study demonstrated the relevance of early detection bacteremia through a new methodology system, which proved to be an efficient rapid diagnostic technology. According to the methodologies applied and within the experimental conditions implemented in the present study, it was concluded that the BHI medium proved to be the most suitable for the analysis of blood pressure behavior in blood culture vials containing different bacterial species associated with sepsis. We also found that variations in blood pressure greater than |50| mmHg are indicative of the presence of microorganisms in blood culture flasks. Gram positive cocci and glucose non-fermenting gram-negative rods promote an increase in blood pressure, whereas non-fermenting gram-negative rods cause a progressive reduction in blood pressure values in blood culture vials over time. Pressure behavior (increase or decrease in intra-bottle pressure), as well as the magnitude of the increase in pressure values, may suggest the group of bacteria present in blood culture vials. The maximum time required to guarantee the positivity of the tested method is 18 h for positive pressures and 21 for negative pressures. The methodology based on the detection of variations in pressure behavior in blood culture bottles developed in this study for the early detection of microorganisms responsible for BSI was effective. To summarize, the findings of our study suggest that microorganisms that cause BSI can be detected in blood culture vials by varying intra-vial pressure, and can be a straight-forward diagnostic kit for the early detection of pathogenic bioaerosols in the blood. Subsequent studies to determine the minimum amount of detectable microorganism and tests to evaluate the effectiveness compared to standard methods are suggested towards the improvement of the methodology in relation to its sensitivity.
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Figure 1. Scheme of the intra-bottle pressure measurement device. 
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Figure 2. Analysis of different culture media for the detection of increased pressure after gas production by Enterobacter cloacae ATCC 13047. Data are expressed as mean ± standard deviation from the mean. Significant difference between groups: p < 0.05 (ANOVA followed by Tukey’s test). 
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Figure 3. Analysis of different culture media in detecting the increase in pressure after gas production by Staphylococcus aureus ATCC 25923. Data are expressed as mean ± standard deviation from the mean. Significant difference between groups: p < 0.05 (ANOVA followed by Tukey’s test). 
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Figure 4. Analysis of the pressure distribution in blood culture flasks containing only BHI broth and 0.9% NaCl solution for 24 h. The data are presented in mean (+) and interquartile range. The lower and upper box-plot rods represent the minimum and maximum pressures, respectively. *: maximum positive pressure measured during the experiment. **: maximum negative pressure measured during the experiment. 
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Figure 5. Results of 24 h pressure gauge curves of Staphylococcus aureus (A), Enterococcus faecalis (B) and Streptococcus agalactiae (C) in culture flasks with BHI broth compared to the control (BHI culture medium). Data are expressed as mean ± standard deviation of the mean. Significant difference in relation to the control: * p < 0.05, ** p < 0.01 and *** p < 0.001 (ANOVA and Tukey’s test). Black dotted line: pressure 0 mmHg on the y axis. Dotted lines in red: maximum positive pressure (40 mmHg) and maximum negative pressure (−42 mmHg). Solid blue lines: (50 mmHg) and minimum (−52.5 mmHg) of pressure for positive test. Red rectangle: time-to-positivity (TTP). 






Figure 5. Results of 24 h pressure gauge curves of Staphylococcus aureus (A), Enterococcus faecalis (B) and Streptococcus agalactiae (C) in culture flasks with BHI broth compared to the control (BHI culture medium). Data are expressed as mean ± standard deviation of the mean. Significant difference in relation to the control: * p < 0.05, ** p < 0.01 and *** p < 0.001 (ANOVA and Tukey’s test). Black dotted line: pressure 0 mmHg on the y axis. Dotted lines in red: maximum positive pressure (40 mmHg) and maximum negative pressure (−42 mmHg). Solid blue lines: (50 mmHg) and minimum (−52.5 mmHg) of pressure for positive test. Red rectangle: time-to-positivity (TTP).
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Figure 6. Results of the 24 h pressure gauge curves of Citrobacter freundii (A), Enterobacter cloacae (B), Escherichia coli (C) and Klebsiella pneumoniae (D) in culture flasks with BHI broth compared to the control (BHI culture medium). Data are expressed as mean ± standard deviation of the mean. Significant difference in relation to the control: ** p < 0.01 and *** p < 0.001 (ANOVA and Tukey’s test). Black dotted line: pressure 0 mmHg on the y axis. Dotted lines in red: maximum positive pressure (40 mmHg) and maximum negative pressure (−42 mmHg). Solid blue lines: (50 mmHg) and minimum (−52.5 mmHg) of pressure for positive test. Red rectangle: time-to-positivity (TTP). 
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Figure 7. Results of the 24 h pressure gauge curves of Morganella morganii (A), Proteus vulgaris (B), Salmonella spp. (C) and Serratia marcescens (D) in culture flasks with BHI broth compared with the control (BHI culture medium). Data are expressed as mean ± standard deviation of the mean. Significant difference in relation to the control: * p < 0.05, ** p < 0.01 and *** p < 0.001 (ANOVA and Tukey’s test). Black dotted line: pressure 0 mmHg on the y axis. Dotted lines in red: maximum positive pressure (40 mmHg) and maximum negative pressure (−42 mmHg). Solid blue lines: (50 mmHg) and minimum (−52.5 mmHg) of pressure for positive test. Red rectangle: time-to-positivity (TTP). 
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Figure 8. Results of the 24 h pressure gauge curves of Acinetobacter baumannii (A), Pseudomonas aeruginosa (B) and Stenotrophomonas maltophilia (C) in culture flasks with BHI broth compared to the control (BHI culture medium). Data are expressed as mean ± standard deviation of the mean. Significant difference in relation to the control: * p < 0.05, ** p < 0.01 and *** p < 0.001 (ANOVA and Tukey’s test). Black dotted line: pressure 0 mmHg on the y axis. Dotted lines in red: maximum positive pressure (40 mmHg) and maximum negative pressure (−42 mmHg). Solid blue lines: (50 mmHg) and minimum (−52.5 mmHg) of pressure for positive test. Red rectangle: time-to-positivity (TTP). 
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Table 1. ATCC organisms and clinical isolates applied in this study.






Table 1. ATCC organisms and clinical isolates applied in this study.










	i-ATCC
	CI-1
	CI-2





	Gram positive cocci
	
	



	Enterococcus faecalis ATCC 29212
	Enterococcus spp.
	Enterococcus spp.



	Staphylococcus aureus ATCC 25923
	Staphylococcus aureus
	Staphylococcus aureus



	Streptococcus agalactiae ATCC 13813
	Streptococcus agalactiae
	Streptococcus agalactiae



	Fermentative gram-negative bacilli
	
	



	Citrobacter freundii ATCC 8090
	Citrobacter freundii
	Citrobacter freundii



	Enterobacter cloacae ATCC 13047
	Enterobacter cloacae
	Enterobacter cloacae



	Escherichia coli ATCC25922
	Escherichia coli
	Escherichia coli



	Klebsiella pneumoniae ATCC 1705
	Klebsiella pneumoniae
	Klebsiella pneumoniae



	Morganella morganii ATCC 25830
	Morganella morganii
	Morganella morganii



	Proteus vulgaris ATCC 13315
	Proteus spp.
	Proteus spp.



	Salmonella spp. ATCC 700623
	Salmonella spp.
	Salmonella spp.



	Serratia marcescens ATCC 13880
	Serratia marcescens
	Serratia marcescens



	Shigella sonnei ATCC 25931
	Shigella sonnei
	Shigella sonnei



	Non-fermenting gram-negative bacilli
	
	



	Acinetobacter baumannii ATCC 19606
	Acinetobacter baumannii
	Acinetobacter baumannii



	Pseudomonas aeruginosa ATCC 27863
	Pseudomonas aeruginosa
	Pseudomonas aeruginosa



	Stenotrophomonas maltophilia ATCC 13637
	Stenotrophomonas maltophilia
	Stenotrophomonas maltophilia
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Table 2. Time of positivity of microorganisms under investigation. STTP: statistical time-to-positivity; TTP: time-to-positivity.
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	Microorganisms
	STTP (h)
	TTP (h)





	GPC
	
	



	Staphylococcus aureus
	3
	13



	Enterococcus faecalis
	7
	12



	Streptococcus agalactiae
	12
	18



	F-GNB
	
	



	Citrobacter freundii
	5
	14



	Enterobacter cloacae
	5
	6



	Escherichia coli
	4
	9



	Klebsiella pneumoniae
	4
	7



	Morganella morganii
	6
	8



	Proteus vulgaris
	4
	8



	Salmonella spp.
	4
	5



	Serratia marcescens
	6
	7



	NF-GNB
	
	



	Acinetobacter baumannii
	6
	11



	Pseudomonas aeruginosa
	9
	21



	Stenotrophomonas maltophilia
	10
	15



	Average
	6.07
	11







GPC = gram positive cocci; F-GNB = fermentative gram-negative bacilli; NF-GNB = nonfermenting gram-negative bacilli.
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