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Abstract

Objective: To summarize current antibiotic dosing recommendations in critically ill patients receiving intermittent
hemodialysis (IHD), prolonged intermittent renal replacement therapy (PIRRT), and continuous renal replacement
therapy (CRRT), including considerations for individualizing therapy. Data Sources: A literature search of PubMed from
January 2008 to May 2019 was performed to identify English-language literature in which dosing recommendations were
proposed for antibiotics commonly used in critically ill patients receiving IHD, PIRRT, or CRRT. Study Selection and
Data Extraction: All pertinent reviews, selected studies, and references were evaluated to ensure appropriateness for
inclusion. Data Synthesis: Updated empirical dosing considerations are proposed for antibiotics in critically ill patients
receiving IHD, PIRRT, and CRRT with recommendations for individualizing therapy. Relevance to Patient Care and
Clinical Practice: This review defines principles for assessing renal function, identifies RRT system properties affecting
drug clearance and drug properties affecting clearance during RRT, outlines pharmacokinetic and pharmacodynamic dosing
considerations, reviews pertinent updates in the literature, develops updated empirical dosing recommendations, and
highlights important factors for individualizing therapy in critically ill patients. Conclusions: Appropriate antimicrobial
selection and dosing are vital to improve clinical outcomes. Dosing recommendations should be applied cautiously with
efforts to consider local epidemiology and resistance patterns, antibiotic dosing and infusion strategies, renal replacement
modalities, patient-specific considerations, severity of illness, residual renal function, comorbidities, and patient response
to therapy. Recommendations provided herein are intended to serve as a guide in developing and revising therapy plans
individualized to meet a patient’s needs.
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Introduction limited and becoming outdated with the advancing technology
for RRT modalities and efficiency. Traditionally, the dosing
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not been based on any formal analysis in this population
and, where a pharmacokinetic analysis is done, was extrap-
olated from single-dose observations in non—critically ill
patients with stable CKD receiving scheduled intermittent
hemodialysis (IHD).> However, this approach is likely to
result in suboptimal regimens in critically ill patients with
altered PK characteristics, presence of acute and chronic
renal failure, residual renal function, and use of RRT
approaches that can vary daily.* To optimize antibiotic
exposure and maximize effectiveness, it is important to
individualize the antimicrobial regimen to the patient and
the method of RRT utilized. This is challenging for clini-
cians because it requires a good understanding of the differ-
ent RRT modalities and their effects on drug clearance as
well as the effects of critical illness on the antimicrobial
PK/PD.>® Furthermore, lack of standardization in continu-
ous renal replacement therapy (CRRT), including fluid
removal, the hemofilter characteristics, and effluent rates,
have led to variabilities in published recommendations,
which make it challenging to determine the optimal man-
agement approach.” '

In 2009, Heintz et al'® published a review of antimicro-
bial dosing in RRT with suggested dosing ranges as a start-
ing point, but to be revised accordingly to meet the needs of
the patient. However, expanding literature along with
advancements in RRT and our understanding of antimicro-
bial PK/PD necessitates a reevaluation of this essential
topic. This review will provide an updated summary of
basic principles of RRT, antimicrobial PK/PD concepts, and
augments for the 2009 review with dosing recommenda-
tions for commonly utilized antimicrobials in critically ill
adult patients receiving IHD, CRRT, or prolonged intermit-
tent renal replacement therapy (PIRRT), also referred to in
the literature as sustained low-efficiency daily dialysis and
extended daily dialysis.

Data Sources

A PubMed search was conducted to identify English-
language literature in which dosing recommendations were
proposed for antibiotics commonly used in critically ill
patients receiving IHD, PIRRT, or CRRT between January
2008 and May 2019. The initial data retrieval occurred in
October 2017, with incremental updates in September 2018
and May 2019. Search terms included antibiotic, dialysis,
hemofiltration, hemodiafiltration, continuous renal replace-
ment therapy, low-efficiency dialysis, extended daily dialy-
sis, prolonged intermittent renal replacement therapy, renal
failure, and critically ill. All pertinent reviews, selected
studies, and references were evaluated to ensure appropri-
ateness for inclusion. For hemodialysis, publications with
cefazolin, vancomycin, and daptomycin PK/PD data and
dosing recommendations were included. For PIRRT, lim-
ited data exist, and all evaluable antibiotics were included

that published PK/PD data to support a dosing recommen-
dation. Available studies were evaluated, and the following
were deemed pertinent for inclusion: ampicillin/sulbactam,
colistin and polymyxin B, daptomycin, ertapenem, genta-
micin, levofloxacin, linezolid, meropenem, moxifloxacin,
piperacillin-tazobactam, sulfamethoxazole-trimethoprim, and
vancomycin. For CRRT, studies were included that published
PK/PD data and dosing recommendations for cefepime,
daptomycin, meropenem, piperacillin-tazobactam, and
vancomycin in continuous venovenous hemodialysis
(CVVHD), continuous venovenous hemofiltration (CVVH),
or continuous venovenous hemodiafiltration (CVVHDF).
The literature evaluation was performed by a single study
team member for IHD, PIRRT, and CRRT, respectively. All
study members interpreted the studies during the synthesis
of this article. Drugs without sufficient literature to support
a consensus dosing recommendation were excluded from
the review.

Assessing Renal Function

Assessment of drug elimination and potential alterations in
the volume of distribution (¥ ) are critical steps in ensuring
that the prescribed antibiotic therapies are both safe and
effective. Critical illness is uniquely challenging because
hemodynamic changes such as decreased renal perfusion
can significantly alter the patient’s renal function and anti-
biotic clearance. Glomerular filtration rate (GFR) and cre-
atinine clearance estimation formulas such as the Modified
Diet in Renal Disease, CKD Epidemiology Collaboration,
and the Cockcroft-Gault equations inherently assume a sta-
ble serum creatinine and should not be used in patients with
unstable renal function or on RRT.

Acute kidney injury (AKI) is identified either by an
abrupt rise in serum creatinine or a decrease in urine output
and is further classified into stages 1, 2, or 3."* Stage 3 is
the most severe and defined as a serum creatinine increase
by 3 times baseline, an absolute increase to =4.0 mg/dL,
initiation of RRT, patients <18 years old with a GFR
<35 mL/min/1.73 m?% urine output <0.3 mL/kg/h for
=24 hours, or anuria for =12 hours. In AKI, antibiotic
elimination has been shown to be more rapid compared
with CKD and may contribute to underdosed regimens if
data derived from CKD populations is directly applied.'>'®
Although several formulas have been proposed to estimate
renal function in patients with AKI, they have not been
widely adopted in clinical practice because they lack vali-
dation and extrapolation for drug dosing adjustments.'”'* In
the early stages of AKI, slow accumulation of serum creati-
nine leads to an overestimation of actual GFR; thus, renal
function can be expected to be significantly lower than
estimated.'” Measured creatinine clearance using 4-hour
urine collection can be utilized to detect acute changes in
renal function but requires a known serum creatinine at
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baseline and urine production.”” Furthermore, this process
is cumbersome, error prone, and typically not performed in
routine clinical practice. Patients with stage 3 AKI may
require RRT either in the form of CRRT, IHD, or PIRRT.
Specific RRT selection, dialysis system in use, and deliv-
ery vary substantially between institutions. Literature with
a focus on AKI and antibiotic management is also very lim-
ited, and the dynamic nature of critical illness creates addi-
tional challenges in accurately describing evidence-based
optimal management approaches.* Because varying RRT
methods profoundly affect clearance of antibiotics, the lack
of a standardized approach has led to inconsistencies among
clinicians on how to appropriately dose antibiotics in this
patient population.'*!

Management of patients with AKI and dosing adjust-
ments should include consideration of 3 phases of AKI.
Phase 1 involves declining renal function and, thus, lower-
ing the dose according to the magnitude of failure. Urine
output may help in trending renal function patterns. Second
is the plateau phase where there may be minimal changes in
renal function, but dosing adjustments should be considered
based on the level of renal impairment, any approach of
RRT, and presence of any residual renal function. Phase 3
involves recovery of renal function, observed with backing
off on RRT and need to reasses antimicrobial dosing once
again. We caution that post-AKI diuresis may lead to con-
tinued confusion and improper assessment of renal function
during the recovery phase because there may be an initial
overestimation of renal function return.

RRT System Properties Affecting Drug
Clearance

Multiple RRTs are available in the intensive care setting,
including IHD, PIRRT, and several variants of CRRT, all of
which have varied impacts on systemic drug clearance.”
The 2 main mechanisms of drug and solute removal are dif-
fusion and convection, whereas ultrafiltration is utilized for
fluid removal. Diffusion is the movement of solutes across
the hemofilter membrane down the concentration gradient
and is the main mechanism of removal for small molecules.
Convection is the movement of solutes across the hemofil-
ter membrane along with water as pressure is applied
(known as “solvent drag”) and allows for removal of larger
solutes. Conventional IHD, CVVHD, and PIRRT primarily
utilize diffusion, whereas CVVH primarily utilizes convec-
tion. The CVVHDF variant utilizes both mechanisms of
removal, often resulting in greater drug removal than by
convection or diffusion alone.

Other differences among RRT modalities include the
hemofilter and dialyzer material composition and surface
area, blood flow rate, dialysate flow rate, ultrafiltration rate
(UFR), and duration of the procedure.”**** In general,
higher dialysate and ultrafiltrate rates, longer durations of

dialysis, and higher permeability hemofilters may drive
greater drug removal. Combining the mechanism of drug
clearance by dialysis with the dialysis duration, as a cat-
egorical rule, the efficiency of drug removal is as follows:
CVVHDF > CVVHD > CVVH > PIRRT = IHD.
However, other variables such as blood flow, high effluent
rates, or newer generation filters influencing drug removal
may drive a different order. The terms high efficiency and
high flux describe dialysis membranes with large surface
areas and high UFRs, respectively, and may result in
greater drug removal of larger-molecular-weight drugs (eg,
vancomycin).”*?® As a patient’s clinical condition changes,
adjustments in the RRT prescription may require reevalua-
tion of the antibiotic dosing strategy.”’ The potential for
extended RRT interruption resulting from vascular access
complications, surgery, hypotension, circuit failure (eg,
thrombosed), or transport to procedures can exist. Hence, it
is important to continuously assess the patient and make
dosing modifications when appropriate.

Drug Properties Affecting Clearance
During RRT

As with the variable technical aspects of the dialysis proce-
dure described above, the extent to which a drug is removed
by dialysis is influenced by several physicochemical char-
acteristics of the agent. These properties include molecular
size, protein binding, Vo and organ clearance.”***’ In gen-
eral, drugs with a larger molecular weight, high protein
binding (>80%), large Vd (>1 L/kg), or nonrenal clearance
are least likely to be affected by RRT.” The sieving coeffi-
cient, defined as the ratio of the drug concentration in the
ultrafiltrate to the drug concentration in the patient’s plasma
entering the dialyzer or hemofilter, may be useful in pre-
dicting the likelihood of drug removal by dialysis. However,
collection of the effluent may be difficult because many cir-
cuits are set up for direct discard. Finally, a rebound in
plasma drug concentrations may occur after cessation of
dialysis as the drug redistributes from the peripheral com-
partment (tissues) to the central compartment (vascular
spaces), which is most pronounced in traditional IHD."
This can be several hours in some cases, limiting the accu-
racy of postdialysis levels. In addition, waiting for postdi-
alysis results to be reported and acted on, and subsequent
administration can create prolong periods where low con-
centrations may exist and reduce antimicrobial effects.

In addition to drug-specific factors, physiological
changes and interventions commonly occurring in critical
illness can affect PK characteristics of an antimicrobial
agent. For example, decreased gastric motility and an
increased gastric pH can affect absorption of orally admin-
istered drugs. Administration of large volumes of fluids
through resuscitation, medications, blood products, and/or
nutrition may increase the v, of hydrophilic drugs. The
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presence of hypoalbuminemia results in a higher fraction of
unbound drug, which leads to greater distribution into the
interstitial space and ultimately increased clearance by the
liver, kidneys, and/or RRT. Residual renal function, con-
comitant hepatic failure, and accumulation of fluid in the
interstitial space (third-spacing) should also be taken into
consideration. Overall, many of the aforementioned changes
lead to decreased therapeutic concentrations of antimicrobi-
als, with rising concerns that many critically ill patients are
being underdosed,'*'** especially those undergoing CRRT.
Table 1 contains considerations for individualizing antimi-
crobial therapy in patients requiring RRT.

Pharmacokinetic and
Pharmacodynamic Dosing
Considerations

Published PK/PD analyses involving antibiotics in highly
variable critically ill populations increasingly support an
emphasis on individualized patient therapy plans for the
treatment of infectious diseases. Available data may have
been derived in single centers, specific populations, and in
small numbers. The diversity of the critically ill, including
drug, RRT circuit, infection, and patient factors, creates
notable challenges when extrapolating published literature
that precludes implementation of a one-dose-fits-all
approach commonly found in tertiary references. Clinician
fluency in advanced PK/PD concepts and understanding
management of comorbid conditions, including RRT is par-
amount to individualize therapy. Several publications thor-
oughly review and highlight the PK alterations commonly
affecting antibiotic dosing in critically ill patients.>® One
consideration coming into greater focus in recent years is
the impact of PD optimization by targeting pathogen-spe-
cific exposure thresholds necessary for organism eradica-
tion. Separately, expanding approaches to RRT include
new-generation filters creating a time lag in understanding
how novel filters affect the PK of antimicrobials.
Pharmacodynamic indices for antimicrobials include the
time the free drug concentration remains above the minimum
inhibitory concentration (MIC) during the dosing interval
(fT > MIC), the ratio of the maximum free drug concentra-
tion to the MIC of the pathogen ( meaX:MIC), and the area
under the concentration-time curve relative to the pathogen
MIC (fAUC, :MIC).*" Published PD targets'' are derived
from antibiotic exposure models under conditions of nor-
mal renal function because validated models are lacking in
the setting of renal failure and should be used cautiously.
Many studies included in this review evaluate antibiotic
PK/PD by performing a probability of target attainment
(PTA) analysis. A PTA is a useful tool to predict how likely
an antimicrobial dosing regimen would achieve pharmacody-
namic targets based on several assumptions. Until sufficient
clinical outcomes data are available to support optimal

dosing recommendations in this population, analytical
methods such as this will continue to be utilized. Although
there is an increasing number of studies on antimicrobial
dosing in critically ill patients receiving RRT, most utilize
Monte Carlo simulation to determine the PTA and have
not been validated in human subjects.'®*!** Additionally,
Monte Carlo simulations require large study numbers to be
valid. Some experts suggest that no initial adjustments for
renal dysfunction occur for at least 24 hours, followed by a
clinical assessment of the patient for dose reductions to
avoid underdosing antibiotics in severe infections (excep-
tions include vancomycin and aminoglycosides).* Recovery
of AKI or changes in the dialysis approach can occur on a
daily or even hourly basis and should be incorporated into
the patient’s management plan.

Drug Dosing Updates for IHD, PIRRT,
and CRRT

Intermittent Hemodialysis

Important considerations for antibiotic dosing in IHD
include use of intradialytic dosing and/or the need for more
aggressive dosing during the 72-hour postdialysis interval
to account for nonrenal and residual renal clearance.””’
Updates in antimicrobial dosing in IHD have focused on
agents targeting Staphylococcus aureus and other Gram-
positive pathogens, including cefazolin, vancomycin, and
daptomycin.

Dosing recommendations often assume a stable, thrice-
weekly dialysis schedule; however, supplemental doses
may be necessary for hospitalized patients who receive
additional dialysis because of critical illness. Cefazolin
dosed at 2 to 3 g postdialysis on days of IHD is associated
with favorable clinical outcomes in methicillin-susceptible
S aureus infections.”” " Earlier data suggest that a regimen
of 2-g postdialysis would achieve adequate concentrations
in high-flux IHD and is logistically simpler than a regimen
including 3-g doses.*' Daptomycin dosing ranges from 6 to
9 mg/kg, with considerations based on the interval between
dialysis sessions and whether doses are given intradialyti-
cally. The dose should be increased by 50% during the
72-hour postdialysis interval even if the dose was given
intradialytically (eg, increase from 6 to 9 mg/kg).*****
The dose should increase an additional 15% to 20% if
dosed intradialytically for the 48-hour postdialysis inter-
vals (eg, increase from 420 to 500 mg for a 70-kg patient
targeting a 6-mg/kg dose).**** Vancomycin loading
doses of 15 to 25 mg/kg (actual dry body weight) are sug-
gested to establish sufficient levels above the MIC to maxi-
mize exposure.***” One previously published algorithm*®
utilizes a postdialysis dosing approach guided by predi-
alysis vancomycin serum concentrations.* If the loading
dose is given prior to or early during the IHD session, a



(panunuod)

47

sasop 3uliamo| Jo Adesayy Suipjoy aJinbaua Aew swnumop 11N> paduojo.dd

pa19|dwod si sisA[elp

J31j8 UONEBIISIUIWIPE SSOP 3DUBUIIUIRW A[DWI) 9IBI|IDB) O) PaUiadjaid aue UDAWODUBA U0y S[PAJ] SISA[eIpald
sa18a3e.43s

3uisop cnAfelpe.saul pue dnAeipadd Joy Auessadau aq Aew Suisop [eauswa|ddns Jo/pue Suisop dAIssaU33e a40|,|
(Ajrep ‘1) Apusnbauy sundd0 sisAjeip se Suo| se A1d1xol

9onpau pue A11AndE Juspuadap-uonesausaduod aziwndo 03 sisAelp 2.40jaq pasop 3q Aew sapisodA|Soulwy
siSA[eIp JO sABp UO sisA[elp J91je pPaJalsiulWpe 9q P|NOYS S[BIqOIDIWINIUE ISO|]

paAoadwi Jou sey uoduny [euad 3nq paro.adwi sey uondayul ji uswiSad 3uisop syl Sune[edsa-ap JapIsuoD)
sjuage pa129as 104 AIAIDE 9.4NZISS JO AIOISIY PUB SP|OYSRJYl 9.4NZI9S MO| YaIm sausired ul uonned
SUOIID3JUI SJIAS YIIM 3SOU3 4O

suonendod >su-ysiy ‘|1 Ajjeantad ur (sapisodAjSourwe 4o upAwodueA 3dadxa) sunoy g [eliul Joj 3SOp [N} s
uoi3aJ ay3y 01 Moy} poolg

(suondajur Buiznoadsu ‘sassadsqe

93.e| ‘ewaddws ‘33) suonIBYUI D9AIS U0} [BIIA USYO S| ‘D3BUlEIP PUE JUSWISPLIGIP Sulpn|aUl |OJIUOD 324NOS
SUOII234u] 30} AJBULIN JOJ UOIIBUIWIS [BUSJ [BIGOJDIWNUE UO paseq ajenbape si indino aulin ji Japisuor)
SUOII9JUI WIISAS SNOAIDU [BUIUSD pue “1ded) Alojedidsau-1amo]| ‘Laeay ‘uiof-auoq 4oy sasop Jay3iy Japisuod)
suonesipaw Aq uoissaiddnsounwwi jo 99.43ap pue (uonsjdap aui| |22 ‘83) adA1 ay3 a1eNnEA]

syuaned s>juado.inau oy sasop Jaysly J2ISIUILPY

sonoigiue weldel-g JendnJed ul ‘[epioliaIdeq a.e Jey3 syuase Jo Isn Jspisuo))

uonninsul anoA e syusied ul pasn sua3|y Jo adA1 aya Jo |npaysnoyl aq pjnoys suonepuswwoda. Suisoq
(L¥¥Id ‘HI ‘dHAAD)

SWRUMOP AN
‘Suisop onAeipasod

SA dJA[elpeJaul Suiwn

SA JnAJeIpaJd 3uisop aoueualUlEl
suoponpaJ

asop jo Suiwi| Suisop [eniy|
uoddu| Jo

231s 03 uonesssuad SnuQq 93Is UOIIdRYU|
suonesipaw
Suisiwoadwodounwwi

‘eluadoninaN snJels aunww|

eaJe adeuns

sanijepow Juspuadap-uoisnyip Ajluewiad 1oy Ajjerdadsa ‘suaaly Xn|j-ySiy Ul SISBIUdUI SdUBJIES|D [BIGOIDIWIUY e XN|J-Mo| “XNn-ysiH pasn Ja3j14
(pIoysa4ys aunzias 3uliamo] ‘39) $109)y9 SAIIPPE pUE SUOIIDEISIUI SNJIp-3NIp JIPISUOD) e
(34nyrey 3e9Y Ul JULIUOD JjEs ‘39) SUONIPUOD PIGIOWOD YIIM SUOIIRINW.IO) dI1d3ds-3nup JapIsuo) e
(A3121x03030 ‘39) suORIPUOD PIGIOWOD YIIM UOIIBUIUIOD Ul SB131DIX01 dH10ads-3n.p JopisuoD) e
Apoq ay3 Ul S|BIGOJDIWIIUE JO S|SAS| JIXO03
ur 8unjnsaJ S[EIqOJDIWINUE JO SDUBIEI|D Paseaddp O3 ped| Aew dJn|ie} [euaJ pue d11eday se Yons SUONIPUCD) e
UOI1294ul JO IS Y3 JB SUONIEIIUSDUOD MO| A|93enbapeur oy Aixol suonIpuod
pes| Aew aseas|p JenaseA pue ‘Adueudaud ‘siso.qly d13sAd ‘suang eaJe 9deLIns 93.e| ‘S9IIISE SB dNS SUONIPUCD) e JO JJsl ‘suoneJs|e dHid p!giowoD)
1YY uo siusned
Slunue uey3 sasop [eiqo.djwiue 4aySiy s4inbau sisaunip paAlasaad Jo uonduNy [BUBU [BNPISSJ YIIM SIUSIRd e
paddoas si ] yyD # uswidau ay3 Suikyipow uo suoisiroad
ue|d JuswaBeuew sy ojul ulppe JapISUO?) "sa8ueyd A|UNOY USAS JO A|Iep JO dJBME 9q P|NOYS SUBDIUID) e uonduny euad uondiiosaud
9oueJERD 3NUp 123Y)E SpPoYIaW UsaMIaq sadueyd pue Adeiay Juawade|dau [euad JO POYIBL e [enpisaJ ‘] Yy Jo pPoyis| 144 ay3 ur sadueyd
sjusWWOoD) UONEJIPISUOD) Joioeq

"AdeJay] 8uizifenplalpu| Joj suoneJapisuod °| djqeL



"AdeJayy auswade|dad [eusd ‘| Yy Oiweuipodeuwreyd pue opnsupjodew.eyd ‘qd/dd Onsunjodew.eyd d Adessys auswadeldad [eus. 3usmw.Riul paduojoad ‘| Yy|d ‘SNousAe.Ul ‘A
tsISA[eIpoWaYy 3USNIWINUI ‘QH]| ‘SISA[BIPOWSY SNOUSAOUSA SNONUNUOD ‘QHAAD ‘Adetsyl auswade|dad [eual SNONUNUOD ‘| YYD SeaSIP ASUPD| J1UOIYD ‘DD ‘©SeasIp ASUpD| 9INJe ‘Y SUONBIASIGqQY

s|eiqo.diwnue 31jiydody| Aly3iy
Joy Jenonued ur ‘syusped asaqo Ajpigaow Joj sjeassaul Suisop jusnbauy suow Jo/pue sasop Jaysiy Japisuod)

a>ID Byl Y Ul 4315y A||ernueisqns 3q Aew uopreuiwid Snuqg

Adeaayy A3uauAhs pue uoneuiquod 01 dy1dads sjeod d/dld @3elodaodul pjnoys | Yy ul uisoq

1YY ul suonepuswwodad 3uisop 31oddns 01 eyep asnqod Yaim sjuade a|qrdadsns Jspisuor)

saiodau A31jIqiadedsns/aan3jnd pue UOIIBIKIIUSP! UO Paseq 9210y Jo 3n.p Y3 suIwWIRIR

1YY Ul sunoy ¢ 4o} syusunsnlpe asop Suiejap Japisuod)

3uisop [elqoJdiwnue dAIssa.83e aJow Jueliem Aew sisdas jo saseyd AJea yum

pajedosse (adueJed)d [euaJd pajuawsne ‘39) sayels dlweudpaadAy pue sisdas ul uoneIDSNSAI PINj) dAISSAISSY
UPAWODUBA pUe sdnolqiue weldel-g Joj A|[eradss ‘sasop 3uipeo| Japisuod Ajduoaig

s|eo3 yoeau 03 A1|Iqe Y1 wi| ABW SSIDE A

sa1ed MoJ} YSiy Yaim sausned up sjeiqoJdiwnue asop Ajjewndo o1 a1enbapeul si uisop |[e-s1iy-azis-auQ

1YY Aq [eAOw=aJ [eIqOJDIWIUE PASEIDOUl O) Ped| SDJBU MO} POO|q J2YSiH

pase|dau aJe syuauodwod NI SSIJUN SN | YY 10} (SAep) awil UaA0 saseaudap Aduaniye [eAowad 3nuq
_o_wwLm:um_v [eudsoy A|Jea 23e3l|IdDe) pUE SSIIJE SISA[EIp AISUOD O] Suliojluow pue ‘Buisop

8nap a1eludoudde ‘snpayds sisAjelp Jusned uo paseq sJNOIGIUE JO UONDIB|SS Ul ISISSE Ued sasieweyd [ed1ulD
yoeo.udde Juswageuew awn-[eaJ 4o dAd3dso.d aiow & moje 01 33uryd JO UONDAJIP Y3 33eN[BA]

a4n|rey [eua.

40 8u1339s BY3 Ul SPOYIBW [BUSIUOU PJEMOI UOIIBUIWIS JUNYS [[IM SJUBIED|D [BUDI PAXIW YIIM S[BIqOID WY
uasaud si poluad A1sA0334 J0 ‘9duUBUIUIEW ‘I NSUl BYD H

J9PISUOD ‘Y U] "2.4njie) ueSJo Jo 99.439p U3 SIBWIISS PUE [BIOJDIWIIUE B3 J0) UONHEBUIWI[S JYI0 pue ‘AJel|iq
‘(uondUNY [BUSI [BNPISBJ/JISULIIUL JO 9DUBPIAD Suipnpdul) [euad ‘Oneday jo 9943sp ul 98ueYd pue S B3 SSISSY

peojsaro pinyy ‘AisaqO WSIAA
QIO sA ande

uoneulwip Snug :2un|iey [euad jo adA |
AdeJayy uoneuiquod sJ1301q13Ue JaY30

JO 3JoJ ‘@10 jo SnuQg jo Aujiqndeosng

>poys onndss pue
sisdas u| suoneJaye uond3yu
Sd ‘sasop 3uipeo 3y Jo A11aAag

9184 MOJ} 91esA[eIp
2384 MO} poolg molj 19y

9sN 2IN2J1d jJo uoneung uone.np Yy

aspew.eyd jo ajoy

sjuswwio)

aJn|rey

ueSJo wansAsninw
uoneUIWIS [BIqOJDIWNIUY Jo 9duasauy
uoneJapisuo) J03de4

(penunuod) | s|qeL

48



Hoff et al

49

supplemental dose may be necessary to ensure adequate
target attainment. General IHD dosing principles and rec-
ommendations for other selected agents in the setting of
IHD can be found elsewhere."

Prolonged Intermittent Renal Replacement
Therapy

PIRRT is an RRT modality that utilizes conventional dialy-
sis machines but lower dialysate and blood flow rates run-
ning over longer time periods when compared with ITHD.
Advantages of PIRRT include use of conventional dialysis
machines and standard dialysate concentrate, leading to
lower operating costs compared with CRRT. PIRRT also
allows for increased mobility and greater patient participa-
tion in physical and occupational therapy as compared with
CRRT. Slower dialysate and blood flow rates allow for use
in hemodynamically unstable patients who would not be
able to tolerate IHD.”**" This approach is also common in
AKI where renal drug elimination may be higher."’

There are significant differences in the prescriptions
used in PIRRT, including frequency, duration, and blood
and dialysate flow rates that can be altered on a daily basis.™
This contributes to wide variabilities in antimicrobial doses
prescribed among health care providers. A recent survey
showed that pharmacist-recommended dosing regimens for
commonly used antibiotics varied as much as by 12-fold,”
likely because of knowledge limits, lack of available
PK data, and inconsistencies in PIRRT operations. Inade-
quate dosing occurs frequently because of subtherapeutic
doses.” Table 2 summarizes recent PK studies and con-
siderations for a starting point for dosing commonly used
antimicrobials in patients receiving PIRRT.>*"® The supple-
mental materials discuss the literature in detail for each
individual drug.

Continuous Renal Replacement Therapy

The following sections highlight significant publications
since 2009 with antimicrobial PK/PD data and dosing rec-
ommendations for commonly used antibiotics in patients
treated for sepsis or septic shock and receiving CVVHD,
CVVH, or CVVHDE. Updated antibiotic dosing recom-
mendations for CRRT are included in Table 3.

Cefepime. A study of cefepime elimination in CVVHD
evaluated patients receiving cefepime with high dialysate (3
L/h) and high blood flow (300 mL/min).” The authors iden-
tified a strong inverse relationship between dialysate flow
rate and cefepime half-life. They concluded that cefepime
doses of 2 g every 12 hours or 1 g every 8 hours should
increase time at therapeutic concentrations in high-flow
CVVHD. The importance of UFRs on dosing requirements
for cefepime to treat patients with septic shock was also

highlighted in a recent study.* The investigators evaluated
cefepime PK/PD in patients receiving CVVHDF or CVVH
with UFRs of 1 to 2 L/h. They concluded that cefepime 2 g
every 8 hours or 1 g every 6 hours is needed if the UFR is
=1.5L/h and 1 g every 8 hours if the UFR is =1 L/h. High
doses such as 2 g every 8 hours should be used cautiously
and with frequent monitoring because of patient and circuit
factors described earlier (eg, circuit downtime) and the risk
for neurotoxicity.

Daptomycin. Daptomycin dosing requirements are influ-
enced by the infecting pathogen and the site of infection.
FDA-approved doses of 4 and 6 mg/kg (actual body weight)
are often exceeded for severe and deep-seated bloodstream
infections caused by S aureus and Enterococcus faecium.
Daptomycin dosing in critically ill patients on CVVHD at 2
L/h found that 4 mg/kg every 48 hours or below 500 mg/d
may be inadequate to achieve desired AUC/MIC values.®'**
Subsequent studies suggest dosing daptomycin at 8 mg/kg
every 48 hours in critically ill patients with CVVHD or
CVVHDEF at 2 L/h with minimal residual renal function®*;
however, a more recent study evaluated 6 mg/kg every 24
hours and determined that no significant accumulation
occurred.®> The most robust study to date concluded that
daptomycin doses of up to 12 mg/kg/d in CVVHD provided
comparable exposure to patients with creatinine clearance
>30 mL/min, but doses exceeding 8 mg/kg/d in CVVHDF
may increase the risk for toxicity.*® Close monitoring for
elevations in creatinine kinase is strongly recommended.

Meropenem. Effluent flow rate appears to be a reliable pre-
dictor of meropenem clearance in critically ill patients, and
a recent study suggests that higher dosing may be required
for patients with high effluent flow rates and poorly suscep-
tible pathogens.” The role of extended and continuous infu-
sions has also been studied in patients receiving meropenem
and CRRT***"; however, continuous infusion may be lim-
ited by short stability. Meropenem 500 mg every 8 hours
infused over 3 hours is recommended in critically ill patients
receiving CRRT with intrinsic renal function, although
these data are based on a PK model and have not been vali-
dated in a clinical trial.** More aggressive dosing at 1 g
every 8 hours infused over 3 hours should be considered for
pathogens with higher MICs (2-4 mg/L).**

Piperacillin-Tazobactam. Piperacillin-tazobactam clearance
in critically ill patients receiving CRRT is reliably predicted
by effluent flow rate.” Population pharmacokinetic models
indicate that continuous infusions of piperacillin-tazobac-
tam reach high plasma concentrations above the desired
PK/PD target in the majority of critically ill patients
receiving CVVH and CVVHDEF.*"** However, continu-
ous infusion piperacillin-tazobactam is challenging because
of drug incompatibilities and line access considerations.
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Table 2. Antimicrobial Dosing Recommendations for PIRRT

Mean Blood/Dialysate

Mean PIRRT

Drug PIRRT Dose Recommendation® Rates (mL/min) Duration (hours) Reference
Ampicillin/Sulbactam 2 g IV ql2h 162/162 74 71
Daptomycin 6 mg/kg IV q24h° 166/166 7.6 54, 69
Ertapenem | g1V q24h 160/160 8 54, 56
Gentamicin/ 2-2.5 mg/kg Loading dose (or higher if the 200/300 8 54,59, 65,72,73,78
Tobramycin organism MIC is 2 mg/L), then adjusted
using TDM><¢
Levofloxacin 250 mg IV q24h l61/161 8 54, 58
Linezolid 600 mg IV q12h° 200/100 8 54, 62
Meropenem | gV ql2h' 100-250/100-200 8 54, 60, 68
0.5-1 gV g8h 160/160 8
Moxifloxacin 400 mg IV q24h l6l1/161 8 54, 58
Piperacillin/ 45gIVg8h,or45glVql2h +225¢ 200/200 6 66, 67,75
tazobactam Replacement dose post-PIRRT®
3.375 g IV q8h (Consider in severe 200/300 8
infections)
SMX/TMP I5 mg/kg/d In 4 divided doses® 140-170/170 74 55,57
Vancomycin If pre-PIRRT level >30 mg/L, hold 160/175 8 54, 61, 64, 68, 70
If pre-PIRRT level 20-30 mg/L, give 500 mg
at 6-8 hours
If pre-PIRRT level <20 mg/L, give 1000 mg"
20-25 mg/kg Starting dose, then use TDM 160/160, 300/300, 8, 8-10, 8-10

to guide dosing

300/66.7 or 88.3'

Abbreviations: IV, intravenous; MIC, minimum inhibitory concentration; PIRRT, prolonged intermittent renal replacement therapy; SMX/TMP,

sulfamethoxazole/trimethoprim; TDM, therapeutic drug monitoring.

Recommendations are derived from studies using a high-flux polysulfone filter type with 1.3 m* surface area unless otherwise specified. All milligram
per kilogram doses are based on actual body weight unless otherwise specified. Some regimens not stated on a milligram per kilogram basis may vary

based on the patient’s weight.
®Adjusted body weight is recommended in obesity.

“Therapeutic drug monitoring is recommended to guide dosing. Dosing recommendation based on target peak levels depending on the MIC (eg, 7-10
mg/L if MIC is | or less) and a predialysis level between 3 and 5 mg/L. A higher peak of approximately 10 mg/L may be considered if the MIC is 2, but
this has not been studied. The optimal dosing regimen must take into consideration the frequency of dialysis.

“Filter type and surface area: high-flux polysulfone 0.5 m?.
®Filter type and surface area: low-flux polysulfone 1.6 m%.
Filter type and surface area: low-flux polysulfone 0.7 m?.
fFilter type and surface area: high-flux polysulfone 1.4 m%
PFilter type and surface area: high-flux polysulfone 0.7 m?.
Filter types and surface area: high-flux polysulfone 1.4 and 1.3 m%

Extended-infusion strategies of piperacillin-tazobactam 4.5
over 4 hours are associated with favorable PD target attain-
ment in patients undergoing CVVHDF.”’' The role of
TDM has also been recommended to allow for individual-
ized adjustment of dosing regimens according to pathogen-
specific MICs; however, TDM may not be readily available
in most institutions at this time.”*** Piperacillin-tazobactam
4.5 g every 8 hours in critically ill patients receiving
CVVHDF has been shown to provide target attainment for
organisms with an MIC =32 mg/L.”®

Vancomycin. Vancomycin clearance in critically ill patients
receiving CRRT is reliably predicted by effluent flow
rate.”** Variability in the published literature for vancomy-
cin exists regarding dosing recommendations needed to

achieve target trough or AUC goals. Increasingly, AUC-tar-
geted regimens are utilized, although precise dosing targets
have not been studied and validated in a population requir-
ing RRT. A prospective study of intensive care unit patients
receiving CVVH and vancomycin therapy concluded that
500 to 750 mg every 12 hours would be adequate to achieve
the target trough goals, and serum vancomycin concentra-
tions should be closely monitored.” High UFR CVVH (flow
rate > 35-40 mL/kg/h) resulted in high variability in vanco-
mycin clearance in a small case series.”® The investigators
recommended an initial dose of 20 to 25 mg/kg followed by
TDM with dose adjustments. Another strategy could include
continuous infusion with dose adjustments for CRRT inten-
sity and TDM.”” If the CRRT is stopped, the dosing regimen
should be adjusted accordingly.
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Table 3. Antibiotic Dosing Recommendations for CRRT.?

CVVH and CVVHD CVVHDF
Drug 1-2 L/h 3+ L/h 1-2 L/h 3+ L/h Reference
Cefepime | g q8h (I L/h) | g q6h°* I gq8h (I Lih) | g q6h®* 13,79, 80
(0.5-hour inf) | g q6h (2 L/h)° I g q6h (2 L/h)°
Daptomycin 6-8 mg/kg q24h 8 mg/kg q24h* 6-8 mg/kg q24h 8 mg/kg q24h° 13, 81, 84-86
Meropenem 500 mg q8h° 500 mg q8h° 500 mg q6-8h° 500 mg q6-8h° 13,23, 33, 34, 87
(3-hour inf)
Piperacillin/Tazobactam 3.375 g q8h 3.375 g q8h? 3.375 g q8h 45¢gq8h 13, 23, 31, 88,
(4-hour inf)’ 90-93
Vancomycin Load 20-25 mg/kg + Load Load 20-25 mg/kg  Load 20-25 mg/kg 13,23, 95, 96

500-750 mg ql2h with
TDM adjustments

20-25 mg/kg with
TDM adjustments”

+ 500-750 mg with TDM
ql2h with TDM  adjustments”
adjustments

Abbreviations: CRRT, continuous renal replacement therapy; CVVH, continuous venovenous hemofiltration; CVVHD, continuous venovenous
hemodialysis; CVVHDF, continuous venovenous hemodiafiltration; fAUC:MIC, area under the concentration-time curve relative to the pathogen MIC;
inf, infusion; MIC, minimum inhibitory concentration; TDM, therapeutic drug monitoring.

*The authors recommend individualizing dosing recommendations presented in the CRRT text portion of this publication to match local infusion
strategies (extended vs continuous vs intermittent), pathogen susceptibility patterns, and individual patient needs.

®Cefepime | g q6h or 2 g q8h can be used interchangeably for efficacy; however, determination of the appropriate dose should be made by assessing
risk of toxicity, site of infection, and pathogen susceptibility. Alternatively, clinicians may consider a 2-g bolus followed by a 4-g continuous infusion

over 24 hours.

“Consider extended infusion (3-4 hours) or continuous infusion cefepime for flow rates =3 L/h.

9Doses > 8 mg/kg every 24 hours increase the risk of creatine phosphokinase (CPK) elevations and myopathy. Caution, clinical judgment, and frequent
CPK monitoring, including a baseline value, should be used if pursuing as high as 10 to 12 mg/kg every 24 hours.

°Consider meropenem 500 mg qéh for organisms with an MIC of 2 mg/L. Consider higher doses for severe central nervous system infections or

severely immunosuppressed patients.

fIf extended infusions are not feasible, a dosing interval of 6 hours, instead of 8 hours, is recommended for intermittent infusions.
8Consider a loading dose + continuous infusion (11.25 g/d on day | followed by 9 g/d thereafter) or 4.5 g q8h for high flow rates or pathogens with

reduced susceptibility.

PBecause of large variability in vancomycin clearance in high-flow CRRT, frequent monitoring is recommended to target an fAUC:MIC of 400-600 mg
h/L (consider 2 postdose levels or target troughs =15 mg/L if AUC-based dosing is not feasible). Evaluate feasibility of continuous infusion vancomycin

for your patient.'®

Relevance to Patient Care and Clinical
Practice

Optimizing PK/PD in critically ill patients receiving RRT is
essential to eradicate infections and improve patient out-
comes. Several barriers still exist. PTA analyses alone can-
not control for all variables necessary to determine optimal
antimicrobial dosing. Published literature, although limited,
continues to expand, highlighting potential dosing strate-
gies for a variety of RRT methodologies and intensities.
However, clinicians still face many challenges when apply-
ing the recommendations to individual patients. In the set-
ting of AKI and the critically ill, underdosing of antibiotics
is a common and notable concern. Variances in renal sup-
port and decline and recovery of renal function in AKI
along with a plethora of additional considerations (Table 1)
should be considered in the management plan.

The role of TDM is critical to tailor therapies in these
situations and should consider an overall assessment of
all the variables present.”®'® Availability of B-lactam
serum concentration assays for widespread clinical use will
be instrumental to improving outcomes in patients with

variable PK or infections by multidrug-resistant organisms
with MICs at or above the breakpoint. Institution-specific
RRT dosing guidelines should incorporate local epidemiol-
ogy and antibiogram data, severity of the infection, current
clinical PK/PD targets, adjustment for institution-specific
RRT methodology (circuit type, membrane pore size, com-
mon CRRT intensity), patient demographics (obesity),
availability of routine TDM, and considerations for other
patient factors (heart or hepatic failure, residual renal func-
tion, immune system). Additionally, training for clinical
pharmacists and medical intensivists on the advanced prin-
ciples and importance of antimicrobial dosing in RRT might
be an appropriate target for an institution’s antimicrobial
stewardship program.

Conclusion

Appropriate antimicrobial selection and dosing are vital to
improve clinical outcomes in critically ill patients. Critical
illness and RRT significantly alter the usual PK of patients
treated with antimicrobials and increase the risk for under-
dosing antimicrobial agents. Dosing recommendations
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from the literature should be interpreted cautiously with
efforts to consider local epidemiology and resistance pat-
terns; antibiotic dosing and infusion strategies; renal
replacement modalities, including filter types; and patient-
specific considerations such as site of infection, severity of
illness, residual renal function, comorbidities, and patient
response to therapy. In many cases, dosing revisions for
most antibiotics, with exceptions to aminoglycosides or
vancomycin, should wait for at least 24 hours in severe
infections before being applied to reduce underdosing or
adverse events. As the clinical situation stabilizes, adjust-
ment to the dosing regimen should be considered. In AKI,
the phase of the process may need to be tracked closely and
the regimen modified accordingly as elimination declines
or improves. The dosing suggestions in the tables provide a
starting point to consider when developing an antibiotic
regimen but should be individualized to the patient’s situa-
tion, including changing approaches to RRT.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The authors received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iD

Brian M. Hoff "= https://orcid.org/0000-0002-3118-4952

Supplemental Material

Supplemental material for this article is available online.

References

1. Ibrahim EH, Sherman G, Ward S, Fraser VJ, Kollef MH. The
influence of inadequate antimicrobial treatment of blood-
stream infections on patient outcomes in the ICU setting.
Chest. 2000;118:146-155.

2. Kollef MH, Sherman G, Ward S, Fraser VJ. Inadequate antimi-
crobial treatment of infections: a risk factor for hospital mortal-
ity among critically ill patients. Chest. 1999;115:462-474.

3. Vidal L, Shavit M, Fraser A, Paul M, Leibovici L. Systematic
comparison of four sources of drug information regarding
adjustment of dose for renal function. BMJ. 2005;331:263.
doi:10.1136/bm;j.38476.471088.3A

4. Crass RL, Rodvold KA, Mueller BA, Pai MP. Renal dos-
ing of antibiotics: are we jumping the gun? Clin Infect Dis.
2019;68:1596-1602. doi:10.1093/cid/ciy790

5. Cotta MO, Roberts JA, Lipman J. Antibiotic dose optimi-
zation in critically ill patients [in Spanish]. Med Intensiva.
2015;39:563-572. doi:10.1016/j.medin.2015.07.009

6. Scaglione F, Paraboni L. Pharmacokinetics/pharmacodynam-
ics of antibacterials in the intensive care unit: setting appropriate
dosing regimens. Int J Antimicrob Agents. 2008;32:294-301.
doi:10.1016/j.ijjantimicag.2008.03.015

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Scoville BA, Mueller BA. Medication dosing in criti-
cally ill patients with acute kidney injury treated with renal
replacement therapy. Am J Kidney Dis. 2013;61:490-500.
doi:10.1053/j.ajkd.2012.08.042

Tsai D, Lipman J, Roberts JA. Pharmacokinetic/pharma-
codynamic considerations for the optimization of antimi-
crobial delivery in the critically ill. Curr Opin Crit Care.
2015;21:412-420. doi:10.1097/MCC.0000000000000229
Jamal JA, Mueller BA, Choi GY, Lipman J, Roberts JA.
How can we ensure effective antibiotic dosing in criti-
cally ill patients receiving different types of renal replace-
ment therapy? Diagn Microbiol Infect Dis. 2015;82:92-103.
doi:10.1016/j.diagmicrobio.2015.01.013

Shaw AR, Chaijamorn W, Mueller BA. We underdose anti-
biotics in patients on CRRT. Semin Dial. 2016;29:278-280.
doi:10.1111/sdi.12496

Roberts JA, Abdul-Aziz MH, Lipman J, et al. Individualised
antibiotic dosing for patients who are critically ill: challenges
and potential solutions. Lancet Infect Dis. 2014;14:498-509.
doi:10.1016/S1473-3099(14)70036-2

Zamoner W, de Freitas FM, Garms DS, de Oliveira MG, Balbi
AL, Ponce D. Pharmacokinetics and pharmacodynamics of anti-
biotics in critically ill acute kidney injury patients. Pharmacol
Res Perspect. 2016;4:¢00280. doi:10.1002/prp2.280

Heintz BH, Matzke GR, Dager WE. Antimicrobial dosing
concepts and recommendations for critically ill adult patients
receiving continuous renal replacement therapy or intermit-
tent hemodialysis. Pharmacotherapy. 2009;29:562-577.
doi:10.1592/phco.29.5.562

KDIGO Clinical Practice Guideline for acute kidney injury.
Kidney Int Suppl. 2012;2:1-141. https://kdigo.org/wp-con-
tent/uploads/2016/10/KDIGO-2012-AKI-Guideline-English.
pdf. Accessed July 11, 2019.

Dager WE, King JH. Aminoglycosides in intermittent hemo-
dialysis: pharmacokinetics with individual dosing. Ann
Pharmacother. 2006;40:9-14. doi:10.1345/aph.1G064

Vilay AM, Churchwell MD, Mueller BA. Clinical review:
drug metabolism and nonrenal clearance in acute kidney
injury. Crit Care. 2008;12:235. doi:10.1186/cc7093
Bouchard J, Macedo E, Soroko S, et al; Program to Improve
Care in Acute Renal Disease. Comparison of methods for esti-
mating glomerular filtration rate in critically ill patients with
acute kidney injury. Nephrol Dial Transplant. 2010;25:102-
107. doi:10.1093/ndt/gfp392

Jelliffe R. Estimation of creatinine clearance in patients with
unstable renal function, without a urine specimen. Am J
Nephrol. 2002;22:320-324. doi:10.1159/000065221

Macedo E, Mehta RL. Measuring renal function in criti-
cally ill patients: tools and strategies for assessing glomeru-
lar filtration rate. Curr Opin Crit Care. 2013;19:560-566.
doi:10.1097/MCC.0000000000000025

Pickering JW, Frampton CM, Walker RJ, Shaw GM, Endre
ZH. Four hour creatinine clearance is better than plasma cre-
atinine for monitoring renal function in critically ill patients.
Crit Care. 2012;16:R107. doi:10.1186/cc11391

Mei JP, Ali-Moghaddam A, Mueller BA. Survey of phar-
macists’ antibiotic dosing recommendations for sustained
low-efficiency dialysis. Int J Clin Pharm. 2016;38:127-134.
doi:10.1007/s11096-015-0214-0



Hoff et al

53

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Joy MS, Matzke GR, Armstrong DK, Marx MA, Zarowitz
BJ. A primer on continuous renal replacement therapy for
critically ill patients. Ann Pharmacother. 1998;32:362-375.
doi:10.1345/aph.17105

Jamal JA, Udy AA, Lipman J, Roberts JA. The impact of
variation in renal replacement therapy settings on piper-
acillin, meropenem, and vancomycin drug clearance in the
critically ill: an analysis of published literature and dosing
regimens. Crit Care Med. 2014;42:1640-1650. do0i:10.1097/
CCM.0000000000000317

Donadio C, Tognotti D, Caponi L, Paolicchi A. 3-Trace pro-
tein is highly removed during haemodialysis with high-flux
and super high-flux membranes. BMC Nephrol. 2017;18:68.
doi:10.1186/s12882-017-0489-6

Petejova N, Martinek A, Zahalkova J, et al. Vancomycin
removal during low-flux and high-flux extended daily hemo-
dialysis in critically ill septic patients. Biomed Pap Med Fac
Univ Palacky Olomouc Czech Repub. 2012;156:342-347.
doi:10.5507/bp.2012.002

Ronco C. The rise of expanded hemodialysis. Blood Purif.
2017;44:1-VIIL. doi:10.1159/000476012

Thompson A, Li F, Gross AK. Considerations for medica-
tion management and anticoagulation during continuous renal
replacement therapy. AACN Adv Crit Care. 2017;28:51-63.
doi:10.4037/aacnacc2017386

Murphy JE; American Society of Health-System Pharmacists.
Clinical Pharmacokinetics. 6th ed. Bethesda, MD: American
Society of Health-System Pharmacists; 2016.

Pea F, Viale P, Pavan F, Furlanut M. Pharmacokinetic consid-
erations for antimicrobial therapy in patients receiving renal
replacement therapy. Clin Pharmacokinet. 2007;46:997-
1038. doi:10.2165/00003088-200746120-00003

Wong G, Briscoe S, McWhinney B, et al. Therapeutic drug
monitoring of B-lactam antibiotics in the critically ill: direct
measurement of unbound drug concentrations to achieve
appropriate drug exposures. J Antimicrob Chemother.
2018;73:3087-3094. doi:10.1093/jac/dky314

Asin-Prieto E, Rodriguez-Gascon A, Troconiz IF, et al.
Population pharmacokinetics of piperacillin and tazobactam
in critically ill patients undergoing continuous renal replace-
ment therapy: application to pharmacokinetic/pharmacody-
namic analysis. J Antimicrob Chemother. 2014;69:180-189.
doi:10.1093/jac/dkt304

Loo AS, Neely M, Anderson EJ, Ghossein C, McLaughlin
MM, Scheetz MH. Pharmacodynamic target attainment for
various ceftazidime dosing schemes in high-flux hemodi-
alysis. Antimicrob Agents Chemother. 2013;57:5854-5859.
doi:10.1128/AAC.00474-13

Shaw AR, Mueller BA. Antibiotic dosing in continuous renal
replacement therapy. Adv Chronic Kidney Dis. 2017;24:219-
227. doi:10.1053/j.ackd.2017.05.004

Ulldemolins M, Soy D, Llaurado-Serra M, et al. Meropenem
population pharmacokinetics in critically ill patients with sep-
tic shock and continuous renal replacement therapy: influence
of residual diuresis on dose requirements. Antimicrob Agents
Chemother. 2015;59:5520-5528. doi:10.1128/AAC.00712-15
Ariano RE, Fine A, Sitar DS, Rexrode S, Zelenitsky SA.
Adequacy of a vancomycin dosing regimen in patients receiv-
ing high-flux hemodialysis. Am J Kidney Dis. 2005;46:681-
687. doi:10.1053/j.ajkd.2005.07.018

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Patel N, Cardone K, Grabe DW, et al. Use of pharmacokinetic
and pharmacodynamic principles to determine optimal admin-
istration of daptomycin in patients receiving standardized
thrice-weekly hemodialysis. Antimicrob Agents Chemother.
2011;55:1677-1683. doi:10.1128/AAC.01224-10

Stryjewski ME, Szczech LA, Benjamin DK Jr, et al. Use of
vancomycin or first-generation cephalosporins for the treat-
ment of hemodialysis-dependent patients with methicillin-
susceptible Staphylococcus aureus bacteremia. Clin Infect
Dis. 2007;44:190-196. doi:10.1086/510386

Fogel MA, Nussbaum PB, Feintzeig ID, Hunt WA, Gavin
JP, Kim RC. Cefazolin in chronic hemodialysis patients: a
safe, effective alternative to vancomycin. Am J Kidney Dis.
1998;32:401-409.

Kuypers D, Vanwalleghem J, Maes B, Messiaen T,
Vanrenterghem Y, Peetermans WE. Cefazolin serum con-
centrations with fixed intravenous dosing in patients on
chronic hemodialysis treatment. Nephrol Dial Transplant.
1999;14:2050-2051.

Renaud CJ, Lin X, Subramanian S, Fisher DA. High-dose
cefazolin on consecutive hemodialysis in anuric patients with
Staphylococcal bacteremia. Hemodial Int. 2011;15:63-68.
doi:10.1111/j.1542-4758.2010.00507.x

Sowinski KM, Mueller BA, Grabe DW, et al. Cefazolin dia-
Iytic clearance by high-efficiency and high-flux hemodialyz-
ers. Am J Kidney Dis. 2001;37:766-776.

Benziger DP, Pertel PE, Donovan J, et al. Pharmacokinetics
and safety of multiple doses of daptomycin 6 mg/kg in nonin-
fected adults undergoing hemodialysis or continuous ambula-
tory peritoneal dialysis. Clin Nephrol. 2011;75:63-69.
Burkhardt O, Kielstein JT. A simplified three-times weekly
daptomycin dosing regimen for chronic hemodialysis patients.
Expert Rev Anti Infect Ther. 2010;8:11-14. doi:10.1586/
eri.09.121

Mueller BA, Crompton JA, Donovan BJ, Yankalev S, Lamp
KC. Safety of daptomycin in patients receiving hemodi-
alysis. Pharmacotherapy. 2011;31:665-672. doi:10.1592/
phco.31.7.665

Salama NN, Segal JH, Churchwell MD, et al. Single-dose dap-
tomycin pharmacokinetics in chronic haemodialysis patients.
Nephrol Dial Transplant. 2010;25:1279-1284. doi:10.1093/
ndt/gfp655

Brown M, Polisetty R, Gracely EJ, Cuhaci B, Schlecht HP.
Weight-based loading of vancomycin in patients on hemodial-
ysis. Clin Infect Dis. 2011;53:164-166. doi:10.1093/cid/cir322
El Nekidy WS, El-Masri MM, Umstead GS, Dehoorne-Smith
M. Factors influencing vancomycin loading dose for hospital-
ized hemodialysis patients: prospective observational cohort
study. Can J Hosp Pharm. 2012;65:436-442.

Crew P, Heintz SJ, Heintz BH. Vancomycin dosing and
monitoring for patients with end-stage renal disease receiv-
ing intermittent hemodialysis. Am J Health Syst Pharm.
2015;72:1856-1864. doi:10.2146/ajhp150051

Hui K, Upjohn L, Nalder M, et al. Vancomycin dosing in
chronic high-flux haemodialysis: a systematic review. Int J
Antimicrob Agents. 2018;51:678-686. doi:10.1016/j.ijjantimi-
cag.2017.12.017

Edrees F, Li T, Vijayan A. Prolonged intermittent renal
replacement therapy. Adv Chronic Kidney Dis. 2016;23:195-
202. doi:10.1053/j.ackd.2016.03.003



54

Annals of Pharmacotherapy 54(1)

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Mushatt DM, Mihm LB, Dreisbach AW, Simon EE.
Antibiotic dosing in slow extended daily dialysis. Clin Infect
Dis. 2009;49:433-437. doi:10.1086/600390

Harris LE, Reaves AB, Krauss AG, Griner J, Hudson JQ.
Evaluation of antibiotic prescribing patterns in patients
receiving sustained low-efficiency dialysis: opportunities for
pharmacists. Int J Pharm Pract. 2013;21:55-61. doi:10.1111/
j-2042-7174.2012.00226.x

Keough LA, Krauss A, Hudson JQ. Inadequate antibiotic dos-
ing in patients receiving sustained low efficiency dialysis. Int
J Clin Pharm. 2018;40:1250-1256. doi:10.1007/s11096-018-
0697-6

Bogard KN, Peterson NT, Plumb TJ, Erwin MW, Fuller
PD, Olsen KM. Antibiotic dosing during sustained low-
efficiency dialysis: special considerations in adult critically
ill patients. Crit Care Med. 2011;39:560-570. doi:10.1097/
CCM.0b013e318206¢3b2

Brown GR. Cotrimoxazole—optimal dosing in the critically
ill. Ann Intensive Care. 2014;4:13. doi:10.1186/2110-5820-
4-13

Burkhardt O, Hafer C, Langhoff A, et al. Pharmacokinetics
of ertapenem in critically ill patients with acute renal failure
undergoing extended daily dialysis. Nephrol Dial Transplant.
2009;24:267-271. doi:10.1093/ndt/gfn472

Clajus C, Kuhn-Velten WN, Schmidt JJ, et al. Cotrimoxazole
plasma levels, dialyzer clearance and total removal by extended
dialysis in a patient with acute kidney injury: risk of under-dos-
ing using current dosing recommendations. BMC Pharmacol
Toxicol. 2013;14:19. doi:10.1186/2050-6511-14-19

Czock D, Husig-Linde C, Langhoff A, et al. Pharmacokinetics
of moxifloxacin and levofloxacin in intensive care unit
patients who have acute renal failure and undergo extended
daily dialysis. Clin J Am Soc Nephrol. 2006;1:1263-1268.
doi:10.2215/CIN.01840506

Decker BS, Mohamed AN, Chambers M, Kraus MA, Moe
SM, Sowinski KM. Gentamicin pharmacokinetics and
pharmacodynamics during short-daily hemodialysis. Am J
Nephrol. 2012;36:144-150. doi:10.1159/000339937
Deshpande P, Chen J, Gofran A, Murea M, Golestaneh
L. Meropenem removal in critically ill patients undergo-
ing sustained low-efficiency dialysis (SLED). Nephrol Dial
Transplant. 2010;25:2632-2636. doi:10.1093/ndt/gfq090
Economou CJP, Kielstein JT, Czock D, et al. Population phar-
macokinetics of vancomycin in critically ill patients receiv-
ing prolonged intermittent renal replacement therapy. Int J
Antimicrob Agents. 2018;52:151-157. doi:10.1016/j.ijantimi-
cag.2018.03.001

Fiaccadori E, Maggiore U, Rotelli C, et al. Removal of line-
zolid by conventional intermittent hemodialysis, sustained
low-efficiency dialysis, or continuous venovenous hemofil-
tration in patients with acute renal failure. Crit Care Med.
2004;32:2437-2442.

Garonzik SM, Li J, Thamlikitkul V, et al. Population pharma-
cokinetics of colistin methanesulfonate and formed colistin
in critically ill patients from a multicenter study provide dos-
ing suggestions for various categories of patients. Antimicrob
Agents Chemother. 2011;55:3284-3294. doi:10.1128/AAC
.01733-10

Golestaneh L, Gofran A, Mokrzycki MH, Chen JL. Removal
of vancomycin in sustained low-efficiency dialysis (SLED):

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

a need for better surveillance and dosing. Clin Nephrol.
2009;72:286-291.

Heintz BH, Thompson GR 111, Dager WE. Clinical experience
with aminoglycosides in dialysis-dependent patients: risk fac-
tors for mortality and reassessment of current dosing prac-
tices. Ann Pharmacother. 2011;45:1338-1345. doi:10.1345/
aph.1Q403

Jang SM, Gharibian KN, Lewis SJ, Fissell WH, Tolwani
Al, Mueller BA. A Monte Carlo simulation approach for
B-lactam dosing in critically ill patients receiving prolonged
intermittent renal replacement therapy. J Clin Pharmacol.
2018;58:1254-1265. doi:10.1002/jcph.1137

Kanji S, Roberts JA, Xie J, et al. Piperacillin population
pharmacokinetics in critically ill adults during sustained low-
efficiency dialysis. Ann Pharmacother. 2018;52:965-973.
doi:10.1177/1060028018773771

Kielstein JT, Czock D, Schopke T, et al. Pharmacokinetics
and total elimination of meropenem and vancomycin in inten-
sive care unit patients undergoing extended daily dialysis.
Crit Care Med. 2006;34:51-56.

Kielstein JT, Eugbers C, Bode-Boeger SM, et al. Dosing of
daptomycin in intensive care unit patients with acute kid-
ney injury undergoing extended dialysis—a pharmacoki-
netic study. Nephrol Dial Transplant. 2010;25:1537-1541.
doi:10.1093/ndt/gtp704

Lewis SJ, Mueller BA. Development of a vancomycin dos-
ing approach for critically ill patients receiving hybrid hemo-
dialysis using Monte Carlo simulation. SAGE Open Med.
2018;6:2050312118773257.doi:10.1177/2050312118773257
Lorenzen JM, Broll M, Kaever V, et al. Pharmacokinetics
of ampicillin/sulbactam in critically ill patients with acute
kidney injury undergoing extended dialysis. Clin J Am Soc
Nephrol. 2012;7:385-390. doi:10.2215/CJN.05690611
Manley HJ, Bailie GR, McClaran ML, Bender WL.
Gentamicin pharmacokinetics during slow daily home hemo-
dialysis. Kidney Int. 2003;63:1072-1078. doi:10.1046/j.1523-
1755.2003.00819.x

O’Shea S, Duffull S, Johnson DW. Aminoglycosides in hemo-
dialysis patients: is the current practice of post dialysis dosing
appropriate? Semin Dial. 2009;22:225-230. doi:10.1111/
j-1525-139X.2008.00554.x

Sandri AM, Landersdorfer CB, Jacob J, et al. Pharmacokinetics
of polymyxin B in patients on continuous venovenous hae-
modialysis. J Antimicrob Chemother. 2013;68:674-677.
doi:10.1093/jac/dks437

Sinnollareddy MG, Roberts MS, Lipman J, Peake SL, Roberts
JA. Pharmacokinetics of piperacillin in critically ill patients
with acute kidney injury receiving sustained low-efficiency
diafiltration. J Antimicrob Chemother. 2018;73:1647-1650.
doi:10.1093/jac/dky057

Strunk AK, Schmidt JJ, Baroke E, et al. Single- and multi-
ple-dose pharmacokinetics and total removal of colistin in a
patient with acute kidney injury undergoing extended daily
dialysis. J Antimicrob Chemother. 2014;69:2008-2010.
doi:10.1093/jac/dku075

Timbrook TT, Caffrey AR, Luther MK, Lopes V, LaPlante
KL. Association of higher daptomycin dose (= 7 mg/kg)
with improved survival in patients with methicillin-resis-
tant Staphylococcus aureus bacteremia. Pharmacotherapy.
2018;38:189-196. doi:10.1002/phar.2070



Hoff et al

55

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Veinstein A, Venisse N, Badin J, Pinsard M, Robert R,
Dupuis A. Gentamicin in hemodialyzed critical care patients:
early dialysis after administration of a high dose should be
considered. Antimicrob Agents Chemother. 2013;57:977-982.
doi:10.1128/AAC.01762-12

Wilson FP, Bachhuber MA, Caroff D, Adler R, Fish D, Berns
J. Low cefepime concentrations during high blood and dialy-
sate flow continuous venovenous hemodialysis. Antimicrob
Agents Chemother. 2012;56:2178-2180. doi:10.1128/AAC
.05987-11

Carlier M, Taccone FS, Beumier M, et al. Population pharma-
cokinetics and dosing simulations of cefepime in septic shock
patients receiving continuous renal replacement therapy. Int J
Antimicrob Agents. 2015;46:413-419. doi:10.1016/j.ijantimi-
cag.2015.05.020

Khadzhynov D, Slowinski T, Lieker I, et al. Plasma pharma-
cokinetics of daptomycin in critically ill patients with renal
failure and undergoing CVVHD. Int J Clin Pharmacol Ther.
2011;49:656-665.

Soraluce A, Asin-Prieto E, Rodriguez-Gascon A, et al.
Population pharmacokinetics of daptomycin in critically
ill patients. Int J Antimicrob Agents. 2018;52:158-165.
doi:10.1016/j.ijantimicag.2018.03.008

Vilay AM, Grio M, Depestel DD, et al. Daptomycin phar-
macokinetics in critically ill patients receiving continuous
venovenous hemodialysis. Crit Care Med. 2011;39:19-25.
doi:10.1097/CCM.0b013e3181fa36fb

Wenisch JM, Meyer B, Fuhrmann V, et al. Multiple-dose phar-
macokinetics of daptomycin during continuous venovenous
haemodiafiltration. J Antimicrob Chemother. 2012;67:977-
983. doi:10.1093/jac/dkr551

Corti N, Rudiger A, Chiesa A, et al. Pharmacokinetics of daily
daptomycin in critically ill patients undergoing continuous
renal replacement therapy. Chemotherapy. 2013;59:143-151.
doi:10.1159/000353400

Xu X, Khadzhynov D, Peters H, et al. Population pharma-
cokinetics of daptomycin in adult patients undergoing con-
tinuous renal replacement therapy. Br J Clin Pharmacol.
2017;83:498-509. doi:10.1111/bep.13131

Jamal JA, Mat-Nor MB, Mohamad-Nor FS, et al
Pharmacokinetics of meropenem in critically ill patients receiv-
ing continuous venovenous haemofiltration: a randomised
controlled trial of continuous infusion versus intermittent
bolus administration. Int J Antimicrob Agents. 2015;45:41-45.
doi:10.1016/j.ijantimicag.2014.09.009

Jamal JA, Roberts DM, Udy AA, et al. Pharmacokinetics
of piperacillin in critically ill patients receiving continuous
venovenous haemofiltration: a randomised controlled trial of
continuous infusion versus intermittent bolus administration.
Int J Antimicrob Agents. 2015;46:39-44. doi:10.1016/j.ijjan-
timicag.2015.02.014

Roger C, Cotta MO, Muller L, et al. Impact of renal replace-
ment modalities on the clearance of piperacillin-tazobactam
administered via continuous infusion in critically ill patients.
Int J Antimicrob Agents. 2017;50:227-231. doi:10.1016/j.
ijjantimicag.2017.03.018

Awissi DK, Beauchamp A, Hebert E, et al. Pharmacokinetics
of an extended 4-hour infusion of piperacillin-tazobactam in
critically ill patients undergoing continuous renal replacement

91.

92.

93.

94.

95.

96.

97.

98.

99.

therapy. Pharmacotherapy. 2015;35:600-607. doi:10.1002/
phar.1604

Shotwell MS, Nesbitt R, Madonia PN, et al. Pharmacokinetics
and pharmacodynamics of extended infusion versus short
infusion piperacillin-tazobactam in critically ill patients
undergoing CRRT. Clin J Am Soc Nephrol. 2016;11:1377-
1383. doi:10.2215/CIN.10260915

Bauer SR, Salem C, Connor MJ Jr, et al. Pharmacokinetics
and pharmacodynamics of piperacillin-tazobactam in 42
patients treated with concomitant CRRT. Clin J Am Soc
Nephrol. 2012;7:452-457. doi:10.2215/CIN.10741011
Varghese JM, Jarrett P, Boots RJ, Kirkpatrick CM, Lipman J,
Roberts JA. Pharmacokinetics of piperacillin and tazobactam
in plasma and subcutaneous interstitial fluid in critically ill
patients receiving continuous venovenous haemodiafiltration.
Int J Antimicrob Agents. 2014;43:343-348. doi:10.1016/j.
ijantimicag.2014.01.009

Lee B, Kim SJ, Park JD, et al. Factors affecting serum
concentration of vancomycin in critically ill oliguric pedi-
atric patients receiving continuous venovenous hemodiafil-
tration. PLoS One. 2018;13:¢0199158. doi:10.1371/journal.
pone.0199158

Chaijamorn W, Jitsurong A, Wiwattanawongsa K,
Wanakamanee U, Dandecha P. Vancomycin clearance dur-
ing continuous venovenous haemofiltration in critically
ill patients. Int J Antimicrob Agents. 2011;38:152-156.
doi:10.1016/j.ijjantimicag.2011.04.010

Paciullo CA, Harned KC, Davis GA, Connor MJ Jr, Winstead
PS. Vancomycin clearance in high-volume venovenous hemo-
filtration. Ann Pharmacother. 2013;47:e14. doi:10.1345/
aph.1Q488

Sin JH, Newman K, Elshaboury RH, Yeh DD, de Moya MA,
Lin H. Prospective evaluation of a continuous infusion van-
comycin dosing nomogram in critically ill patients undergo-
ing continuous venovenous haemofiltration. J Antimicrob
Chemother. 2018;73:199-203. doi:10.1093/jac/dkx356

De Waele JJ, Lipman J, Akova M, et al. Risk factors for tar-
get non-attainment during empirical treatment with -lactam
antibiotics in critically ill patients. Intensive Care Med.
2014;40:1340-1351. doi:10.1007/s00134-014-3403-8
Economou CJP, Wong G, McWhinney B, Ungerer JPJ,
Lipman J, Roberts JA. Impact of -lactam antibiotic thera-
peutic drug monitoring on dose adjustments in critically ill
patients undergoing continuous renal replacement therapy.
Int J Antimicrob Agents. 2017;49:589-594. doi:10.1016/j.
ijantimicag.2017.01.009

100.Ostermann M, Chawla LS, Forni LG, et al. Drug management

in acute kidney disease—Report of the Acute Disease Quality
Initiative XVI meeting. Br J Clin Pharmacol. 2018;84:396-
403. doi:10.1111/bcp.13449

101.E1 Nekidy WS, Soong D, Kadri A, Tabbara O, Ibrahim A,

Ghazi IM. Salvage of hemodialysis catheter in Staphylococcal
bacteremia: case series, revisiting the literature, and the role
of the pharmacist. Case Rep Nephrol Dial. 2018;8:121-129.
doi:10.1159/000489923

102.Beumier M, Roberts JA, Kabtouri H, et al. A new regimen for

continuous infusion of vancomycin during continuous renal
replacement therapy. J Antimicrob Chemother.2013;68:2859-
2865. doi:10.1093/jac/dkt261



