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            Abstract
Antibiotic resistance is prevalent among the bacterial pathogens causing urinary tract infections. However, antimicrobial treatment is often prescribed â€˜empiricallyâ€™, in the absence of antibiotic susceptibility testing, risking mismatched and therefore ineffective treatment. Here, linking a 10-year longitudinal data set of over 700,000 community-acquired urinary tract infections with over 5,000,000 individually resolved records of antibiotic purchases, we identify strong associations of antibiotic resistance with the demographics, records of past urine cultures and history of drug purchases of the patients. When combined together, these associations allow for machine-learning-based personalized drug-specific predictions of antibiotic resistance, thereby enabling drug-prescribing algorithms that match an antibiotic treatment recommendation to the expected resistance of each sample. Applying these algorithms retrospectively, over a 1-year test period, we find that they greatly reduce the risk of mismatched treatment compared with the current standard of care. The clinical application of such algorithms may help improve the effectiveness of antimicrobial treatments.
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                    Fig. 1: Frequency of bacterial species and antibiotic resistance in urinary tract infections.[image: ]


Fig. 2: Antibiotic-specific associations of resistance with demographic factors.[image: ]


Fig. 3: Long-term â€˜memoryâ€™ of resistance across same-patient samples.[image: ]


Fig. 4: Direct association of past purchase with its cognate resistance leads, through association among resistances, to indirect association of purchases with non-cognate resistances.[image: ]


Fig. 5: Algorithmically suggesting antibiotic prescription for empirical treatments can greatly improve upon the current standard of care.[image: ]
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Extended data

Extended Data Fig. 1 Availability of resistance measurements over time.
For each of the six antibiotics, the fraction of urine samples for which resistance was measured, overall (black) and for each of the three most common species (colors), is plotted across the 10-year sampling period. Also indicated are the time ranges used for model training (green horizontal bars) and testing (red bars). Time periods during which measurements of resistance to cephalexin were scarce and were removed from analysis (gray bar).


Extended Data Fig. 2 Frequency of resistance over time.
Frequencies of resistance for each of the three common species (colored lines) and the overall sample (black lines) over the 10-year data set. Empty time intervals correspond to periods during which resistance was not frequently measured (matching the gray horizontal bar of Extended Data Fig. 1).


Extended Data Fig. 3 Frequency of resistance as a function of age for different demographic groups.
Frequency of resistance to each of the six antibiotics, in each of ten age bins (0,10,â€¦,100â€‰years). a, Frequencies of resistance for five non-overlapping demographic groups: men not residing in retirement homes (blue), men residing in retirement homes (dotted blue), women not pregnant and not residing in retirement homes (magenta), women in retirement homes (magenta dotted) and pregnant women (red). b, Comparing the overall frequency of resistance to the six drugs for women and men across age.


Extended Data Fig. 4 Odds ratios of resistance to each of the antibiotics for past purchases of different drugs across a range of purchase-to-sample time intervals: adjustments for demographics and cross-resistance.
a, Multivariate logistic regression models for the association of each antibiotic resistance with past purchases of the indicated drugs not accounting for cross-resistance (Methods: Logistic regression â€˜Purchase historyâ€™. Same graphical scheme as in Fig. 4a,b). b, Logistic regression model as in a adjusted for cross-resistance (Methods: Logistic regression â€˜Purchase history adjusted for cross-resistanceâ€™). c, Logistic regression model as in a adjusted for demographics (Methods: Logistic regression â€˜Purchase history adjusted for demographicsâ€™. Gray asterisks indicate statistical significance and non-significant values, with Bonferroni corrected Pâ€‰>â€‰0.05, are blanked.


Extended Data Fig. 5 Correlations among resistances to different antibiotics.
Correlation among resistance measurements for each pair of antibiotics across all samples for which both resistances were measured. Cephalexin and cefuroxime axetil, which have a particularly high correlation (marked with â€˜xâ€™), were treated as â€˜analogousâ€™ in the analysis of indirect effects of purchases on resistance (Methods: Logistic regression â€˜Purchase history adjusted for cross-resistanceâ€™).


Extended Data Fig. 6 Model performance on test and training data.
AUC for receiver operator characteristic for prediction of resistance based on demographics, sample history and purchase history, individually and in a complete model combining all feature sets. Each feature set was modeled using LR, and the complete model was modeled by both LR and GBDT. To identify overfitting, model performance on the testing data set (gray) was contrasted with model performance on the training data set (black; Extended Data Fig. 1 for definition of training and test time periods). A low level of overfitting is seen for all drugs except trimethoprim, which showed no overfitting. See Supplementary Fig. 4 for feature importance in GBDT models.


Extended Data Fig. 7 The fraction of samples that can be treated by at least one drug given set thresholds on the single-drug resistance probability scores.
Given the complete-model-assigned probabilities of resistance \(P_k^m\) of each sample m to each antibiotic k, we calculated the fraction of samples, within the 1-year test period, that have at least one drug with resistance score below a threshold. a,b, This fraction is calculated assuming that the threshold used to determine resistance of single drugs is either: the same probability threshold Pthreshold for all drugs (counting all samples for which \(P_k^m < P^{\mathrm{threshold}}\) for at least one antibiotics k) (a) or the same rank threshold rthreshold for all drugs, counting all samples for which \(P_k^m < P_k^{\mathrm{threshold}}\left( {r^{\mathrm{threshold}}} \right)\) for at least one antibiotics k, where \(P_k^{\mathrm{threshold}}\left( {r^{\mathrm{threshold}}} \right)\) is the probability threshold of drug k that includes a fraction rthreshold of the samples (b).


Extended Data Fig. 8 Schematic diagram of machine-learning-trained prescription models.
A set of samples with features of demographics, sample resistance history and antibiotic purchase history labeled for resistance to each antibiotic k (â€˜train setâ€™) is used to train an antibiotic resistance prediction model (Methods: Logistic regression, terms 1â€“9). The model is applied to an SDET set of cases from the test period to calculate the probabilities of resistance to each antibiotic. In an unconstrained model the antibiotic with minimal probability for resistance is suggested. The calculated probabilities of resistance together with the respective prescriptions of the SDET set of cases are used to add a â€˜costâ€™ term. In a constrained drug prescription model, the antibiotic with the minimal cost-adjusted probability is suggested.


Extended Data Fig. 9 Robustness of machine-learning-trained prescription models across age and gender and with respect to the clinical definition of resistance.
a, Frequency of mismatched treatment across all SDET cases, comparing physicianâ€™s prescriptions (dark bar) to algorithmic recommendations by the constrained and unconstrained models (cyan and magenta hatched, respectively) for females (top) and males (bottom) separated into three major age groups. b, Frequency of mismatched treatment across all SDET cases (Methods), when classifying â€˜Intermediateâ€™ level of resistance as â€˜resistantâ€™. Comparing mismatch frequencies of physiciansâ€™ prescriptions (dark bar) to algorithmic recommendations (light bars), either unconstrained (magenta hatched) or constrained for recommending drugs at the same ratio as physicians (cyan hatched). Also presented are the null expectations for randomly prescribing drugs with equal probabilities (random â€˜diceâ€™, magenta dashed) or for random drug permutations (random permutations, cyan dashed).
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