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Abstract
With the increasing number of elderly people, more and more attention has been paid to prescriptions of these population, especially to the antimicrobial drugs. Due to physiological changes, comorbidity, immunosuppression and other factors, antibacterial drugs are significantly affected by those in the elderly. It is important to balance the efficacy and safety of antibiotics for the elderly and minimize the toxicity meanwhile maximize the efficacy. This brief review discusses pharmacokinetics and pharmacodynamics, drug-resistant bacteria, adverse drug reactions and drug-drug interactions that should be considered when prescribing antibacterial drugs for the elderly.
Key words: the elderly; antibiotics; PK/PD; adverse drug reactions; drug-drug interactions

1.Introduction
[bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK65][bookmark: OLE_LINK64][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK326][bookmark: OLE_LINK327][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK176][bookmark: OLE_LINK177]According to World Health Organization (WHO), the number of people aged over 60 years, will have a sharp rise from 900 million to 2 billion between 2015 and 2050 (moving from 12% to 22% of the total global population) [1]. Antibiotics are commonly prescribed in the geriatric population, and antibiotic overuse in elderly are more around 50% per capita than young adults [2]. Different characters in pharmacokinetics (PK) and pharmacodynamics (PD) from general population, comorbidities such as cardiovascular, cerebrovascular diseases and cancer, much more potential drug-drug interactions (DDIs) and adverse drug reactions (ADRs), which pose a major challenge of optimizing antibiotics therapy in the elderly [3]. Therefore, making prescriptions in the elderly are tough, particularly in balancing the efficacy, safety of drugs, and tolerance and compliance of patients. Currently, multi-drug-resistant (MDR) bacteria has become a commonplace and caused an increasing burden in the elderly. In this review, we outline the changes of PK/PD in the elderly, and discuss the importance of DDIs and ADRs in antibiotic treatment.
2.Pharmacokinetic Considerations
The physiological changes related to drug absorption in elderly patients are mainly as follows
[bookmark: OLE_LINK95][bookmark: OLE_LINK94](1) Decreased blood flow in the gastrointestinal tract may lead to the prolonged peak time;
[bookmark: OLE_LINK97][bookmark: OLE_LINK100][bookmark: OLE_LINK96](2) Small intestinal mucosa atrophy lead to decreased absorption;
[bookmark: OLE_LINK99][bookmark: OLE_LINK98][bookmark: OLE_LINK102][bookmark: OLE_LINK101](3) Delayed gastric emptying and slowed intestinal peristalsis.
[bookmark: OLE_LINK104][bookmark: OLE_LINK103]These physiological changes may affect the pharmacokinetic parameters of oral antimicrobials, such as bioavailability [4]. For example, cefpodoxime esters absorption may be 30 percent lessened in the elderly than that in the young, as well as extended half-life. In addition, bioavailability of azithromycin and erythromycin is decreased in the stomach due to the increased pH [5-7]. Proton pump inhibitors significantly increases the pH in stomach, which exerts strong impact on the bioavailability of drugs depends on dissolution or absorption in an acidic environment. For instance, itraconazole capsule is usually taken combined with cola to increase the bioavailability [8].
[bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK121][bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK126][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK133][bookmark: OLE_LINK134][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK324][bookmark: OLE_LINK325][bookmark: OLE_LINK347][bookmark: OLE_LINK348][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK141][bookmark: OLE_LINK142]In further, malnutrition and physiological changes affect the drug distribution in the elderly patients. Increased fat, reduced lean body weight and redistributed body fluids contribute to the different effect on hydrophilic and lipotropic antimicrobial agents, leading to a higher blood concentration of hydrophilic antibiotics and lower blood concentration of lipotropic antibiotics. Lipotropic antibiotics, such as rifampicin, quinolones, tetracyclines, and voriconazole, are widely distributed in adipose tissue and have long half-life [9]. Malnutrition or chronic diseases result in reduced activation of partial hepatic cytochromes, and drug metabolism is reduced in patients with cachexia [10]. However, changes in plasma protein binding do not obviously affect the drug exposure in these patients and most patients do not need an adjustive regimen [11]. Moreover, the fact of lower drug exposure due to edema triggered by heart failure and liver cirrhosis, leading to dilution of hydrophilic antimicrobial agent concentrations. Therefore, higher dose or continuous intravenous infusion maybe more prevalent for those patients [12,13]. Due to aging or liver disease, hepatic function has a distinct effect on metabolism. Voriconazole, linezolid and tigecycline have a long half-life because of reduced metabolism by decreased hepatic blood flow or liver function [9,14]. Comorbidities are usually accompanied by multiple drug treatment in elderly patients, which leads to DDIs and is important for liver enzyme substrates such as azoles, quinolones, antiviral drugs and macrolides [15]. For patients with impaired liver function, it is necessary to assess the patient's liver function and adjust the dose of the drug according to the latest pk-pd research results [16]. 
[bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK158][bookmark: OLE_LINK159][bookmark: OLE_LINK151][bookmark: OLE_LINK152][bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK162][bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK165]It is critical for elderly patients considering the impact of drug clearance on antimicrobial exposure. Renal dysfunction is common in the elderly which results in drugs accumulation, higher serum concentration, even toxicity [17]. By the renal elimination, drugs have more pronounced accumulation due to impaired kidney function [18]. Therefore, it is essential to monitor renal function when evaluating the pharmacokinetics of antibiotics in elderly patients. The renal function is crucial for clearance of most antimicrobials, including β-lactams, glycopeptides, aminoglycosides, daptomycin, ciprofloxacin, levofloxacin, trimethoprim/sulfamethoxazole (TMP/SMX), etc [19]. The Cockcroft-Gault formula is one of widely applied and reliable methods to assess renal function [20]. 
3. Drug-resistant bacteria considerations
[bookmark: OLE_LINK169][bookmark: OLE_LINK168][bookmark: OLE_LINK175][bookmark: OLE_LINK174][bookmark: OLE_LINK170][bookmark: OLE_LINK171][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK181][bookmark: OLE_LINK182][bookmark: OLE_LINK180][bookmark: OLE_LINK184][bookmark: OLE_LINK186][bookmark: OLE_LINK185][bookmark: OLE_LINK183][bookmark: OLE_LINK188][bookmark: OLE_LINK187][bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK191][bookmark: OLE_LINK192][bookmark: OLE_LINK197][bookmark: OLE_LINK198]Drug-resistant bacteria is an extremely serious problem in the treatment of infectious disease. [21]. Once multi-drug resistant bacteria emerged, the choice of antibiotics for the elderly is limited. Actually, the infectious risk of resistant bacteria has mounted up [22]. In terms of risks of MDR bacterial infections, it is acknowledged that chronic disease, hospitalization, impaired immune function, invasive medical devices are of importance [23-25].The infections of ESBs, MRSA, and enterococcus in care settings are pervasive, which leads to higher mortality, longer hospital stays and more heavier financial burden [26]. The previous study showed that drug-resistant bacterial infections are not attributable to "old age" itself as a direct risk factor [27]. In conclusion, we must take into account this problem rationally and place more emphases on the rational choice of antibiotics. Any inappropriate use of broad-spectrum antibiotics will pay a heavy price because of "old age". 
[bookmark: OLE_LINK201][bookmark: OLE_LINK202]4.Adverse drug reaction (ADR) considerations
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK205][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK208][bookmark: OLE_LINK209][bookmark: OLE_LINK203][bookmark: OLE_LINK204][bookmark: OLE_LINK214][bookmark: OLE_LINK215]In general, multiple drugs and comorbidity is the major cause of morbidity and mortality and is associated with high ADRs [28]. CLARICOR study showed that the 65-year-old patients in clarithromycin group was related to a higher risk rates of cardiovascular death than the placebo group [29]. Similarly, when it comes to arrhythmias and longer QT intervals, it is calling for more attention to the risk of heart-related adverse events caused by quinolones. There has been an increasing awareness that prolonged QT intervals is associated with moxifloxacin. [30]. Quinolones are at risk of developing arrhythmias in elderly patients [31]. 
[bookmark: OLE_LINK222][bookmark: OLE_LINK221][bookmark: OLE_LINK224][bookmark: OLE_LINK223]There is no denying the fact that thrombocytopenia is a noteworthy ADR. Bi et al. reported that 24% of the elderly patients developed linezolid-related thrombocytopenia, and the lower thrombocyte baseline is accompanied with the higher adverse reaction risk [32]. Therefore, it is wise to address the skeletal and musculoskeletal problems triggered by some antibiotics. For example, daptomycin and quinolones can lead to creatine kinase elevations [33-34].
[bookmark: OLE_LINK227][bookmark: OLE_LINK228][bookmark: OLE_LINK229][bookmark: OLE_LINK232][bookmark: OLE_LINK233]Usually, metabolism-related side-effects are easier to ignore. The risk of fluctuation of blood glucose was obvious in the case that levofloxacin combined with hypoglycemic agents in elderly diabetic patients [35,36]. Clinicians always pay attention to renal impairment caused by vancomycin and aminoglycosides. However, renal function impairment caused by beta-lactams also should not be ignored [37,38].
[bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK244][bookmark: OLE_LINK245][bookmark: OLE_LINK236][bookmark: OLE_LINK237][bookmark: OLE_LINK246][bookmark: OLE_LINK247][bookmark: OLE_LINK242][bookmark: OLE_LINK243][bookmark: OLE_LINK240][bookmark: OLE_LINK241]There has been an increasing awareness that psychiatric side effects caused by antibiotics, such as epilepsy, hyperactivity, and insomnia. We must consider this issue rationally in patients with central nervous system disease in order to avoid the rare life-threatening ADRs [39-41]. 
5.Drug interaction considerations
[bookmark: OLE_LINK248][bookmark: OLE_LINK249][bookmark: OLE_LINK250][bookmark: OLE_LINK251][bookmark: OLE_LINK260][bookmark: OLE_LINK261][bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: OLE_LINK256][bookmark: OLE_LINK257]A retrospective cohort study of 22272 US veterans showed that DDIs is another potential risk: warfarin combined with TMP/SMX, metronidazole, fluconazole, ciprofloxacin, levofloxacin, clarithromycin and azithromycin, which resulted in higher risk of hemorrhage [42]. Low-risk antibiotics included clindamycin and cephalexin, besides, patients with low basal international normalized ration（INR）value have a relatively low risk of bleeding [42]. In fact, closely monitored INR during warfarin prescription is important to avoid bleeding in geriatric population.
[bookmark: OLE_LINK258][bookmark: OLE_LINK259][bookmark: OLE_LINK266][bookmark: OLE_LINK267][bookmark: OLE_LINK268][bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK271][bookmark: OLE_LINK272][bookmark: OLE_LINK269][bookmark: OLE_LINK270][bookmark: OLE_LINK273][bookmark: OLE_LINK274][bookmark: OLE_LINK277][bookmark: OLE_LINK278][bookmark: OLE_LINK279][bookmark: OLE_LINK275][bookmark: OLE_LINK276][bookmark: OLE_LINK282][bookmark: OLE_LINK283][bookmark: OLE_LINK286][bookmark: OLE_LINK287][bookmark: OLE_LINK284][bookmark: OLE_LINK285][bookmark: OLE_LINK280][bookmark: OLE_LINK281][bookmark: OLE_LINK296][bookmark: OLE_LINK297]Is there a similar risk of hemorrhage when combing new oral anticoagulants (NOACs) with antibiotics? Some DDIs associated with permeable glycoprotein (P-gp) and cytochrome 3A4 (CYP3A4) can increase the bleeding risk. [43]. It was reported that the exposure of dabigatran was sharply reduced by rifampicin, a pronounced inducer of both cytochrome P450 (CYP 450) and P-gp. Conversely, inhibitors including itraconazole, voriconazole and ketoconazole, significantly improved the bioavailability of dabigatran, apixaban and rivaroxaban. It has the same effect on NOACs combined with clarithromycin, erythromycin as well as fluconazole, inhibited the metabolism of CYP 450. When it comes to outpatients, avoiding such combination therapy and regular monitoring INR can lower the risks of DDIs of bleeding [44]. 
[bookmark: OLE_LINK303][bookmark: OLE_LINK302][bookmark: OLE_LINK298][bookmark: OLE_LINK299]Many experts point out that carbapenems directly contribute to insufficient serum concentration of valproic acid (VPA) and epileptic seizure [45]. Actually, VPA blood concentration within 24 hours reduced about approximately 60% caused by carbapenems. Ertapenem and meropenem had a greater effect on VPA than imipenem/cilastatin [46]. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK11][bookmark: OLE_LINK14][bookmark: OLE_LINK13]In terms of DDIs risks of antifungal drug, it is acknowledged that azoles such as voriconazole and isavuconazole, increase the concentration of tacrolimus, cyclosporine and sirolimus as well as nephrotoxicity; amphotericin B co-administrated with diuretics, invited extremely serious electrolyte disturbance and nephrotoxicity, especially life-threaten and irreversible hypokalemia.
[bookmark: OLE_LINK311][bookmark: OLE_LINK310][bookmark: OLE_LINK309][bookmark: OLE_LINK308]There are many commonly held beliefs about severe DDIs that is paid attention to
blood concentration monitoring of immunosuppressive agents for azoles [47,48] or monitoring electrolytes and renal function for amphotericin B [49]. 
6.Conclusion
[bookmark: OLE_LINK331][bookmark: OLE_LINK330][bookmark: OLE_LINK335][bookmark: OLE_LINK334][bookmark: OLE_LINK313][bookmark: OLE_LINK312]In summary, the rational use of antimicrobials is an extremely complex problem in elderly patients. A series of physiological changes occurred in the elderly patients, and the PK and PD of the drug also altered accordingly. Some key changes may be overlooked, but some do have significant clinical implications. At the same time, multiple comorbidities and multi-drug treatments increase the risk of ADRs and DDIs. Elderly patients usually live in care facilities and are at risk of infection. Therefore, it is necessary to form a multidisciplinary team, including geriatricians, clinical pharmacists, microbiologists and infectious disease specialists, to optimize the use of antibiotics.
[bookmark: OLE_LINK328][bookmark: OLE_LINK329][bookmark: OLE_LINK320][bookmark: OLE_LINK321][bookmark: OLE_LINK322][bookmark: OLE_LINK323][bookmark: OLE_LINK332][bookmark: OLE_LINK333]We point out that for the aged patients, if possible, therapeutic antibiotics monitoring contributes directly to efficacy and safety. In view of the seriousness of the problem of unreasonable use of antibiotics in the elderly, effective measures should be taken before things get worse. The comprehensive and effective monitoring programs also have benefits among outpatient settings. In the future, clinical trials of both novel and combined antibiotic treatment should put a premium on the geriatric population, so as to provide stronger evidence for the optimization of antibiotics therapies.
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