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ABSTRACT: With the development and growth of multi-drug resistance organ-
isms, therapeutic drug monitoring (TDM) has become an increasingly common
tool to assure the efficacy and safety of antimicrobial therapy. The requirement
for TDM has not routinely extended to cephalosporins, such as cefepime, due
to their wide therapeutic window. However,the implementation of TDM for
cefepime is becoming increasingly important as many Gram-negative bacteria
have adapted mechanisms that increase resistance to antimicrobials and there-
fore require higher concentrations of cefepime for bacterial eradication. Addi-
tionally, pharmacokinetic variability and difficulty in treating patients, especially
those who are critically ill or those with renal dysfunction, necessitate TDM to
ensure optimal cefepime concentrations.

This review aims to assess and evaluate the techniques currently utilized to
quantify cefepime in both plasma and serum in terms of usefulness for feasible
and readily adaptable bedside cefepime TDM.

KEYWORDS: cefepime, therapeutic drug monitoring, liquid chromatography,
tandem mass spectrometry.

INTRODUCTION

Cefepime is a 4'"-generation cephalosporin with activity against a range of facul-
tative Gram-positive and Gram-negative bacteria [1]. Due to its broad spectrum of
activity, it is frequently used as empiric antibiotic coverage in patients suspected
to have serious bacterial infections, such as critically ill and immunocompromised
patients. It is also administered as definitive treatment for infections caused by
Gram-negative bacilli resistant to narrower spectrum antibiotic agents, including
Enterobacteriaceae that produce AmpC B-lactamases [2] and many strains of Pseu-
domonas aeruginosa [3]. As a result, cefepime has become an important antimicro-
bial agent in the treatment of serious community- and hospital-acquired bacterial
infections. The pharmacokinetics (PK) of cefepime have been well-characterized.
It is renally eliminated with greater than 80% of doses excreted unchanged in the
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urine [4], and roughly 16% of total serum concentrations are bound to plasma proteins
[5]. Cefepime displays linear pharmacokinetics over a range of doses [4, 6]. In patients
with normal renal function, cefepime has an elimination half-life of 2-3 hours in adults
[4], 1.5-1.9 hours in infants and children [6], and 4.9 hours in neonates [7]. In patients
with renal failure and in those receiving continuous renal replacement therapy, total body
clearance is delayed [8, 9], necessitating the use of longer dosing intervals or lower total
daily doses.

Cefepime demonstrates time-dependent bactericidal activity in which its efficacy is de-
fined by the fraction of time for which the free (unbound) concentration is maintained
above the minimum inhibitory concentration (MIC) of the bacteria being treated. The clas-
sic pharmacodynamic (PD) target that is associated with improved clinical outcomes for
cefepime has been maintenance of drug concentrations above the MIC (fT>MIC) for >60%
of dosing interval [10]. However, more recent data have suggested that more aggressive
PD targets, maintaining drug concentrations above the MIC for the entire dosing interval
(100% fT>MIC), should be used to ensure optimal clinical and microbiological outcomes
[11,12]. Successful treatment of harder to treat infections, such as Gram-negative pneu-
monia, may require the administration of doses that maintain free serum concentrations at
least 2-fold higher than the MIC for the entire dosing interval (100% fT>2xMIC, or fC_ >2
xMIC) [13]. Meanwhile, in vitro studies have demonstrated that suppression of resistance
selection during therapy occurs with an even more robust PD target of fC_ >3.8xMIC
[14]. These latter data are consistent with in vitro time-kill studies for Pseudomonas aeru-
ginosa that show increased bacterial killing for g-lactam agents at concentrations up to 4
times the MIC [15]; based on these time-kill data, some studies have used fT>4xMIC as
the optimal PD target for B-lactam antibiotics [12].

In 2014, the Clinical and Laboratory Standards Institute (CLSI) revised cefepime interpre-
tive criteria (breakpoints) for the treatment of Enterobacteriaceae based on data showing
clinical failures and low probability of target attainment using standard cefepime dosing
in adults infected with Gram-negative bacteria with an MIC of 4 and 8 ug/mL [16, 17]. To
optimize the administration of cefepime, CLSI employed the designation of “suscepti-
ble-dose dependent” (SDD) for isolates with an MIC of 4 and 8 pg/mL [17]. This change
was made to signal that dosing regimens that result in higher drug exposures (i.e. higher
doses or more frequent dosing) be administered to give the highest probability of ade-
quate coverage of these isolates [17]. Instead of using the term “intermediate”, which
is often clinically interpreted as “resistant,” the SDD designation was implemented to
encourage the administration of cefepime at high doses rather than discourage its use
for treatment of less susceptible isolates. The SDD designation does not apply to Pseudo-
monas aeruginosa and other non-Enterobacteriaceae Gram-negatives since the approved
dosing regimen for treatment of these organisms differ [17].

There is accumulating evidence in critically ill adults that standard g-lactam dosing by
intermittent infusion, including for cefepime, often produces inadequate antibiotic con-
centrations contributing to suboptimal outcomes [12,18-19]. Pediatric studies also have
found that traditional dosing via intermittent infusion may be inadequate for less suscep-
tible Gram-negative pathogens [20]. As a result, there is increased acceptance that ad-
ministration of B-lactam agents as an extended or continuous infusion maximizes the like-
lihood of PD target attainment in critically ill patients [21]. The administration of cefepime
as a prolonged infusion significantly increases the probability of PD target attainment
compared to intermittent infusion, even for isolates in the SDD range [20,22]. A recent
meta-analysis of 6 randomized controlled trials (RCTs) and 4 observational studies found
that prolonged infusion of meropenem was associated with higher clinical success rate
(odds ratio 2.10, 95% CI 1.31-3.38) and lower mortality (risk ratio 0.66, 95% CI| 0.50-0.88)
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in adult patients with severe infections compared to intermittent infusion [23]. Similarly, in
a meta-analysis of 13 RCTs comparing continuous infusion versus intermittent bolus of
B-lactam agents in critically adult patients with respiratory infections, continuous infusion
was associated with higher cure rates (risk ratio 1.18, 95% CI 1.07-1.30) [24]. Although
data specific to cefepime are limited, there is mounting evidence that the use of pro-
longed infusions improves the likelihood of PD target attainment, which is especially im-
portant in patients with critical illness, serious bacterial infections, and infections caused
by isolates with decreased susceptibility to the g-lactam agent being administered.

The production of g-lactamases is the most frequent and important mechanism of re-
sistance to B-lactam antibiotics among Gram-negative bacteria. Extended-spectrum
B-lactamases (ESBLs), carbapenemases, and AmpC g-lactamases have the capacity
to hydrolyze drugs in this class with SHV-, OXA- and CTX-M-type enzymes being most
prominent among Pseudomonas aeruginosa and Enterobacteraciae [25,26]. CTX-M-15 is
the most widely distributed CTX-M-type ESBL and isolates producing this enzyme have
higher MICs to cefepime than other ESBLs [27]. As noted above, maintenance of drug
concentrations 4-fold above the MIC for the entire dosing interval decreases selection of
resistance during cefepime therapy in a hollow-fiber infection model [14]. Although in vivo
studies are needed to validate this target, optimized antibiotic exposures can prevent,
or at least delay, the development of resistance among Gram-negative bacteria during
treatment, particularly in high-burden infections such as pneumonia or undrained, in-
tra-abdominal abscesses.

While administration of large doses can facilitate achievement of higher drug concen-
trations, cefepime is associated with dose-dependent toxicity particularly neurotoxicity
[28-31], especially in patients with renal dysfunction, limiting the administration of overly
large doses. In a single-center retrospective study of adult patient receiving cefepime
who underwent therapeutic drug monitoring (TDM), a neurologic event considered possi-
bly related to cefepime occurred in 11% of 93 patients [29]; patients with C_ > 20 mg/L
had a 5-fold higher risk for neurologic events (OR 5.1, 95% CI 1.3-19.8) and those with
a C_. > 40 mg/L had a 9-fold higher risk (OR 9.4, 95% CI 2.2-39.5). Decreased renall
function was significantly associated with neurotoxicity [29]. Similarly, in a study of adult
patients receiving cefepime for febrile neutropenia, high cefepime concentrations were
an independent predictor of neurological toxicity with a 50% probability of toxicity at C__
> 22mg/L [30]. Patients with acute or chronic renal dysfunction may have reduced clear-
ance of cefepime, depending on the degree of glomerular filtration impairment, and are
at increased risk of exposure-dependent neurotoxicity.

It is crucial to individualize cefepime dosing in order to achieve concentrations that op-
timize efficacy, limit selection of resistant bacteria, and avoid toxicity. This is especially
true for critically ill patients and those with Gram-negative infections caused by less sus-
ceptible isolates who are at high risk of suboptimal drug exposures and resultant clinical
failure, as well as patients with renal dysfunction at higher risk for cefepime-induced neu-
rotoxicity. Monitoring of blood concentrations is particularly important in order to guide
dosing that will achieve targeted serum drug concentrations. Although data demonstrat-
ing improved clinical outcomes with TDM for g-lactam agents are limited, TDM has been
shown to improve PD target attainment in critically ill patients for various drugs in this
class [32-34]. As a result, g-lactam TDM is becoming an increasingly valued part of clini-
cal care of critically ill patients [21, 35-36].

In order to facilitate TDM, quantitative drug assays need to provide precise results with
short turnaround time. For cefepime, drug concentrations are most often measured using
validated high-performance liquid chromatography (HPLC) or liquid chromatography-tan-
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dem mass spectrometry (LC-MS/MS) methods [37-40]. Cefepime poses an added chal-
lenge for TDM due to rapid ex-vivo degradation in plasma at room temperature, requiring
that all processing occur at 4°C [39]. The purpose of this review is to list the various LC-
MS/MS methods in human blood, plasma, and serum for quantitation of cefepime with
information on sample preparation, chromatographic and mass spectrometric conditions
and validation parameters (Table 1) and to discuss relevant bioanalytical strategies and
considerations for implementation of LC-MS/MS assays for therapeutic drug monitoring
(TDM) of cefepime.

LC-MS/MS methods for cefepime analysis

Cefepime (Figure1, CAS no. 88040-23-7, Pyrrolidinium,1-[[(6R,7R)-7-[[(22)-(2-ami-
no-4-thiazolyl)(methoxyimino)acetyl]lamino]-2-carboxy-8-oxo-5-thia-1-azabicyclo[4.2.0]
oct-2-en-3-ylJmethyl]-1-methyl-, inner salt) has a chemical formula of C,;H,,N.O.S, with
an average molecular weight of 480.56 g/mol.

Sample preparation

Sample preparation is a critical step in bioanalytical method development. Due to limit-
ed stability of cefepime in plasma and serum at room temperature, samples should be
immediately placed on ice after collection and processed at 4°C temperature to provide
accurate results. Plasma [41,42] and serum [43-45] samples have been used as the
biological matrix for cefepime TDM assays.

Sample cleanup by removal of interfering matrix components (proteins, salts, and lipids)
is often necessary to reduce the risk of matrix effects in LC-MS/MS procedures and to
provide required selectivity, sensitivity, and ruggedness. The two most common methods
for sample cleanup are (i) protein precipitation and (ii) solid-phase extraction (SPE) for
cefepime TDM assays. For protein precipitation, the majority of the reported assays uti-
lize methanol or acetonitrile as the precipitation and extraction solvents. SPE with Oasis
HLB cartridges was utilized by Ohmori et al. [43], and an online SPE cleanup with Oasis
HLB column was employed by Zander et al. [45]. These assays utilized stable labeled
*D,-cefepime or *C?D,-cefepime as an internal standard, which provides several advan-
tages in the accurate quantitation of drug levels in biological samples such as faster run
time, improvement in intra-injection reproducibility, reduction of matrix effects and better
sensitivity.

Chromatography and detection
Reverse phase chromatography was utilized for reported methods to separate cefepime
from other molecules in the biological sample extract by partitioning between the mobile

Figure 1. Structure of cefepime

JOURNAL OF APPLIED BIOANALYSIS

147



MOORTHY GS et al.

WAL 2widoyod
JOJ Pasn 9q uEd po

-ypow uoneinuenb

Tiv] e SSEW 9)¥INIOE

9FANIYO | pareprea oy T,

NAL

owdojod 703 pasn

iigd 9q Ued poypow

Te 39 [eed parepITeA o,
P SUOISN[OU0))

9[qI31[3ou :19A0-A11E7)

(9=uv) SI pue

owrdojod JO oWM UONUIIAT I I8 PIAIISO
arom syead oduodroyInUT Oou :KypPYradg
206~ :AI2A0033 NJOSqY

%S°C F 1'96 :Aoemdooy

9°01- 6°¢ :(Aep -¥o3u]) UOISIOAX
049°01 - 8°0 :(Aep -enuy) vorsIg
(66:0<2%)

Tw /81 7¢—0G"( :9Sues uoneiqie)

X \H JO 3030%]

Surysrom s 11 reaur] :9d£) uorssoxdoy

‘unoesadid pue prozour

‘urexoprxow ‘upexopgordp ‘wouadorow
:POYIdW PAIEPITeA AYI UT SSNIp YO
(I ©3 Do 08—) SI[AD Mey3-07997]

€ PUT D, (T— 3 SY2M 0M3 D $ I Y 7 Y
0 07 T e 9[qeas sojdures winios :ANIqels
%8> (HNSY)

10332-97enbs-ULaW-1007 2ARE[Y "0/’ 8S
SEIq AR "%48'9S IADY, UOIsIdxduur
pue AoeInddeu] Aep-191ul pue -eNu|
uors

-soxddns wor 3uedTUSIS ON] :199)JH XINEA
OOTH 220qe x6 oidn :K1x3aruy vonnyiq
9[qI31[3ou :x9A0-A3387)

(=u) ST pue

owidoyad JO oW UONUIIF 9} JB PIAIISO
orom syead oduorayINUT OU :K)oYIdadg
%€ 01T — ¢'LL :K394009y Imjosqy
(L660<

Tw /31 ()0Z—SZ 0 :98ues uoneiqre)

X/ JO J03003F

SurySrom qam 1 Jeour] :9dA) uorssargoy

uonepITEA

v g :ownjoa wonoafuy

“spows

vonnyp dois  UT UTW /"W ¢'() 191X MO[,]
"PIOY DIUWIOJ 0/, ]°() YA S[HIVOIDY —

¢ "FOIeM UL PIOE DIWIOF 0/,[°() YRIA S)TWIOJ
wnuowwe W g — V :saseyd S[Iqo
Do 0F 3¢ pavmEsurEw (Wil 97

‘ww 17 X 00]) §17) 2F0ONIDY :UWN[07)
S$ND0,] 9ARDEXF] () O3

pa[dnos 1Y 000¢ 2¥ewnN O IdH ¥HIN

"UTW 4 :9WN Uny [e10],
QT pue owrdojod

Y10q JOJ UIW 99°| :9WIT) UONUNIY
000% < -[H+ Wl 158y

z/wpue 1197« [H+ NI 158y

z/w :(pwrdayad-*q,D,,) SI

(fenb) £'66¢ «— . [H+ ]

0'18¢ z/w pue (uenb) 0291 « [H+ ]
0'18% Z/uw :owidojod :uonNdIIP SN

1l ¢1 :ownjoa uondafuy

‘opowr wonnyp dais

UL UTW /W G'() :938F MO[,] ‘[OULIOW — ¢
“JOYEAN UT PIOT JTWIOJ 0/,1°() UM 91eWIOF
wnuowwe W ()] — V :saseyd S[IqoA
D O 2 PReyauyEs

(wrl ¢ ‘ww 177 x 001) 80 SBIO] ;uwn|o)
washs ojodnipeng)

WOPUET, [V 0301 0neny) siaie)\ O3
Pa[dnod O IdH LH ULV S6LT SFeA\

uonelgowWwnnsuy

swndoyad

-¢de 30 Tw/31 001
prepuels [eurnu]

PIOE DIUIIOJ 0/,1°() YA
[oueyrow s uoneydp
-o1d umoid :uonoenxyg
rwsed vewny

Jo i 001 Xmew

owndoyod

“ Qe 30 Tw/M 0¢

pIepuUEls [BUINU]

(A/4°01/06) Fou2

[fnq-r-[Ayow ;joue

-tpow i vonelrdard

ur03d :uonOenxyg

wnJioas vewuny

Jo 1M 001 XN
uvoneredard sidureg

T
PO

spowaw SIA/SIN-D'] SnolFeA Jo wopeprea Arewrwng ‘T S[qe],

148

JOURNAL OF APPLIED BIOANALYSIS



MOORTHY GS et al.

WAL

‘[z¢]  oundozos 303 pasn

Te 32 Uty 9q Ued poypow
-uog-o8  SIW/SIW-OIdN
i3l [PETER A DXL,
WAL dwidojod

J0J Pasn oq UEd po
-ypow woneinuenb

Tiyl e e SSEW 91LINIOE
SFANIFIT pareprea oy I,
REX syorsnouo0))

wouadorow

PUE WEU0IMNZE ‘QUWIIXOINJID QUIIPIZEIFID ‘U
-moexodid ‘uroexop ‘unpordure ‘uppoxowe
:POYIdW PAIEPITeA AYI UT SSNIP YO

Do € +5

Je skep ¢ 303 9[qeas sordures ewserd :Qmqerg
"0/,G [ > JUDWIIUEYUD UOT 103 XINEA
OOTH 220qe x| oadn :Lxdaruy vonnyiq
oUOU :39A0-A338))

S3nIp 3910 SurAI9F sodwes Juoned ur QT
pue owndojod JO oW TONUDIDF A} 18 PIATIS
-0 279M sYead 90UDIFINUT OU :AITATIDI[OS
2,8%8 — G'L/ A39A0093 IIn[osqy

%2 6~ 0°S :(Aep3aruy) seiq dane[y

%L ¢l — €Tl H(Aepenuy) serq aaney
%C Tl - LS H(AepIaru] ADY,) UOISIOAI
%26 - 8°C (Aepenu] ‘ADv,) OIS
Tw /31 ¢/ 710G 0 :28uexr uoneiqe)

7X/1 3O 10303
SurySrom pIM 13 onespenb :adA) uorssarSoy

we1deqoze) pue
upexoyoidp pue unExoyo (UnAWwEpUID)
oprwesooul] ‘wouadorow ‘wouadrwr ‘woud
-de130 OUOXEINJED OUIIPIZLIJOD OUWIXEIOJID
‘urqresn ‘urpoeradid ‘uroexo ‘urpIKOWwE
IPOYIdW PIAIEPI[EA Y3 UL SSNIP IDYIQ
(I 01 Do 08—) SOPAD MEI-0Z09T]

€ PU® D, 07— v 4P (0T D, 8 - T 38 Y 8F ‘1Y
1e Y 8§ 703 o[qess sojdwes ewseld :Lfiqelg
uors

-sorddns wor 1uBdHTUSIS ON] :109)JH XIHIEA
OOTH 220qe x| oidn :LxSayuy vonnyi(q

uonepITEA

“UTW G'¢ :OWT) UNJ [e10],
QT pue owrdojod

10q JOJ UTW Q()'| W) UOTIUIIY

6’991+ .[H+Wl6'¢8y

z/w :(dundayad-*(T,) ST

(enb) 8'56¢ «— . [H + ]

6:08% z/w pue (uenb) 6997« . [H+ W]
6°08% %/w :owrdoyod :u0T2919p S

11 01 :9wnjoa wonosfuy

JUDIPEIS UTW /T ¢'() :93€X MO[J
S[ITUOIIDL UT PIOE D[WIOF 0/, [°() — ¢ FoIem
UI PIOE D130 0/, 1°0— V :s9seyd S[IqoA
Do

0¢ 3¢ paureiurew (W /°] ‘ww [°Z x 001)
810D HAY 'IdN LHmboy :uwmpoy
1930w0m23ds ssewr ajodnipenb wopue)

AOL Hmbay 03 pardnos Oy Amboy

UTW (; :9WI) UNJ [e10],

Q1 pue swidojod

30q JOF UTW (]'7 W UONIUNIY
816LS°2he 2/uw & [HZ + W] owndogoo-*(q,
(renb) £¢6¢ — . [H+ Wl

92690 1¥T %/ i+, [HZ + ] Swidaga)

"opowr 2Anrsod Ut TS [[0,] :U0NDANIP SIA

uonelgownnsuy

swrdoyao-*(y, Jo Tw /3n
7T°C ‘PIEPULIS [eUINU]
[ouepow P vonerdpo
-01d urmo1d :uonosenxyg

ewsed uewny

Jo 1 001 xmew

voperedard sjdureg

POWII

spoaw SIAT/SIN-D] SNOFEA JO TOREPIEA AFewung ‘P Iuo)) T S[qe],

149

JOURNAL OF APPLIED BIOANALYSIS



MOORTHY GS et al.

‘ley] e
HowyO

[cp] Te3o
Jopuey
‘P

uroesadid pue ‘wouadorow ‘wouadiop
QUITXPI0JID D[0ZPIAWIID ‘UN0ZEIID ‘urordwe
:POYIdW PAJEPITeA Y2 UT SSNIp YO
%9°C> 09H XN

9[qI31[3ou :x9A0-A33€7)

%1001 — S'88 £39A0093 IINfOoSqy

0L 011 — T°T6 (Aepaaru) Loesnooy
%101 — T+6 :(Aepenuy) Aoemooy
%9°C1 — 6'9 (AepIu ‘ADY,) UOISIONI
¢ 6~ 1'¢ J(Aepenu] ‘ADY,) UoISIIg
(66:0=»

Tw /31 )G—01°( :9Sues uoneiqIe)

1 FLOUT] (UOISSIIZY

WAL
owrdayao 503 pasn

uﬂ ued @OQMQE
SIN/SIN-D'TdH
pareprfea oy,

“PIOZ2UI] PUE U
-exopordp ‘wouadorow ‘weideqoze) IO
-did :poypowr pareprfea sy ur s3nip PYIQO
Do 08~ 3¢ SPUOW ¢ pue D, 3¢ Y ¢ ‘LY

Je 4 7 703 o[quas sopdwes ewseld :Kiqelg
JUOU :J03JJH XENEA

9[qI8I[Sou :39A0-A1787)

S3nIp 3910 SurAd9x sodwes juaned ur QT
pue owidojod JO SWI TORUIINT 9} JT PIAIOS
-0 279M syead 90UDIFINIUT OU :KITATIOI[AS
04,06 AoUdTOYFO $SI001J

YLy'S — 10°S H(Aep3drul) ASINEY%

Y%LL'8 — SL'S H(Aepenul) HSINEY%

%r0'9 — L0 H(AepINUT ADY,) UOISIOI]
%ES'8 — Ly'¢ H(Aepenu] ‘ADY;) UOISIAIg
Tw /31 (G—¢1°( :9Sues uoneiqie)

x/1 Jo

7030¢] SUTYSIOM A 11 JESUT] (UOISSIIZOY

NAL

owrdoyoo 103 pasn
Suraq st poypow
SI/SIW-O'TdHN

g paepiea 4,

SUOISN[OU0)) uonepIeA

"UTW ()'¢T W UNJ [e10],
QT pue swidajod

20q J0J UTW [Z°C :9W UONUNY

816 -[H-I

0691 2/w :(SD vaqesedidyy

6's8 . [H+Nl

6°08% Z/w :owrdoyod :uon2919p S

711 0z :ownjoa uonoafuy

U /W ¢°() :93e¥ MO[J

P AN, G4 TT0) TP [P =

¢ "FoIeM UL PIOE D[WIOF 0/,1°() YIIA 2)BWIOJ
wnwowwe Nw ()] —y :saseyd a[rqo
Do 0¢ 3¢ paule;

-urew (STO snozod aseyd pasrosss wrl

¢ ‘ww g x 0S) §1D-3() UOSIU() :uwnjo)
193ow01399ds

ssew so[dnapenb o[din [y ororwomniens)

SSEWOJIIA O} @wﬂﬁTAOU O'TdH S69C SFeX\

“UTW ()'G :9WIT) UNJ [B10],

ST pue owrdojod

Y10q 10} UTW [7'7 :9WT) UONUNY

LTT— Z[HT+ W

¢ 7/ :owidajod :uonda1dp SIA

11 £ :owmnjoa uonsafuy

UTW /W ¢°() 9383 MO “(A/A

‘GZ/SL) SMMTUOIIIE /[OUBIOW — 7 "FoIeMm

U1 pv o103 o4 1°() —¢V :saseyd S[Iqo

Do 05 ¥*

paurgurews (Wit /17 ‘ww 17 x 001) [Kuayd

HH4 O'1dN Smboy suwno) reondreuy

U /"W ()'g 938X MO[J

“(a/n

02/08) S[IMTTOIIIE /[OUBIIW — ¢ "FoIBM

U1 pv o103 o4 1°) —1V :s3seyd S[Iqo

(wn (g ‘ww 177 x 0¢

‘d'TH S1SEO) HdS U0 ] wwnjo)

1939w0nd9ds ssew wopuel §-0), I,

0A9Y 01 Pa[dnod Yy [JHN SFILA-CZ
goneIuawnisuy

(1 02)

voqered[Ayqo Jo Tuw /3
0] :prepuels [eUIIUL
(B (g) sBpmes gIH
SISE() TPIA UOTIIBIIXD
aseyd prjos :uonoenxyg
wnos Uew

g jo Trl g XIeW

-owrdogoo

“Qq 30 Tw/M

prepuels [BUINU]

SO}

-o0e i wonedpord

u0xd :uonOENXY

wnyos Uew

g 3o i (6 X
voperedard sjdureg

¥
POWII

spoiaw SIAT/SIN-D] SNOFEA JO TOREPIEA AFewwing ‘P Iuo)) | S[qe],

150

JOURNAL OF APPLIED BIOANALYSIS



MOORTHY GS et al.

and stationary phases. Ammonium formate buffer or water with 0.1% formic acid was
used as the aqueous mobile phase and methanol or acetonitrile with 0.1% formic acid
was used as organic mobile phase. Nonpolar or hydrocarbon-like systems (C8, C18,
Phenyl and F5) were used as the stationary phases. The majority of reported LC-MS/
MS methods utilized tandem mass spectrometry for the detection and quantitation of
cefepime, with the exception of Lefeuvre et al. [41]. Cefepime is an inner salt and readily
ionizes in the positive mode to provide excellent response. Multiple reaction monitor-
ing transitions used by various methods is summarized in Table 1. The most common
products of cefepime fragmentation that were utilized for quantitation were m/z 481.0
[M+H]*—> m/z 167 and 86.1 [42-44]. In some cases, doubly charged ion of cefepime m/z
241 [M + 2H]?>* was used to monitor the product m/z 227 for quantitation [41,45].

DISCUSSION

Recently published LC-MS/MS assays for cefepime TDM are summarized in Table 1.
Paal et al. [44], reported a HPLC-MS/MS method for quantification of cefepime along with
five other antibiotics in human serum (Table 1). The method employs a simple sample
cleanup by protein precipitation and analysis utilizing stable labeled internal standards.
Method utilized separation with C8 reverse phase HPLC column followed by MS/MS de-
tection with clinically relevant concentration ranges. The assay demonstrated excellent
selectivity, linearity and dilution integrity. Analytes were stable for 6 h at room tempera-
ture, 24 h at 4 °C, and two weeks at -20 °C.

Lefeuvre et al. [41], reported an UHPLC-HRMS assay for the simultaneous quantitation of
cefepime and 14 other antibiotics in human plasma (Table 1). Sample cleanup involved
protein precipitation followed by separation with C18 reverse phase chromatography.
High-resolution full scan data acquisition was utilized for detection. Cefepime was stable
for 48 h at room temperature and 2 — 8 °C and 20 days at -20 °C. This UHPLC-HRMS
assay has the advantage of using acquired data for the retrospective analysis of metab-
olites.

Rigo-Bannin et al. [42], developed and validated a UHPLC-MS/MS method for simultane-
ous quantitation of ten B-lactam antibiotics in human plasma (Table 1). Sample cleanup
involved protein precipitation, dilution, C18 reverse phase chromatographic separation
followed by tandem mass spectrometric detection. The method demonstrated good lin-
earity, selectivity and robustness to be utilized for TDM analysis. Cefepime was stable for
3 days at room temperature and 5 + 3 °C and 6 months at -75 + 3 °C.

Zander et al. [45], reported a UHPLC-MS/MS method for analysis of eight g-lactam anti-
biotics in human serum (Table 1). Sample cleanup involved SPE followed by C18 reverse
phase chromatographic separation and tandem mass spectrometric detection. The as-
say demonstrated to be robust and successfully employed for the analysis of clinical
samples.

Methods reported by Paal et al. [44], and Rigo-Bannin et al. [42], involved simple sample
cleanup, robust chromatographic separation and tandem mass spectrometric detection.
While other methods used complex sample preparation, 2D-HPLC or HRMS detection.
Method by Paal et al. [44] is robust for analysis of cefepime in human serum with an ef-
ficient sample preparation and LC-MS/MS analysis. While method by Rigo-Bannin et al.
[42] is robust for analysis of cefepime in human plasma with simple sample cleanup and
UPLC-MS/MS analysis.

Cefepime has limited stability in human plasma and serum at room temperature and the
duration of acceptable stability varies from 3 h to 3 days at room temperature based on
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different reports (Table 1). However, the reason for these significant differences in the sta-
bility of cefepime in human plasma and serum at room temperature remains unresolved.
It is critical to establish sufficient stability of cefepime during sample collection, storage,
and processing to generate accurate quantitavie bioanalytical results.

Clinical Applications and Future Directions

In the current era of increasing antimicrobial resistance, it is paramount that antimicrobial
dosing is personalized to assure optimal exposures that will result in clinical cure while
minimizing the selection of resistant organisms. Therapeutic drug monitoring allows clini-
cians to provide individualized, target-oriented dosing for g-lactam antibiotics, including
cefepime. Empiric dosing strategies, based on population PK modeling and Monte Carlo
simulations, are designed to maximize the probability of target attainment. However, inter-
and intra-variability in drug clearance and the volume of distribution prevents the use of a
one-size-fits all dosing approach. The availability of LC-MS/MS assays that provide rapid
and accurate measurement of cefepime concentrations can aid clinical pharmacists and
clinicians in efforts to confirm drug exposures in individual patients, as well as facilitate
adjustment of dosing in real-time to achieve desired levels. This is especially important in
critically ill patients who require precise drug exposures to maximize bacterial killing and
minimize the risk of toxicity. For instance, in a patient with a documented Gram-negative
infection, clinicians can utilize TDM to estimate fT>MIC utilizing a variety of methods (i.e.
Bayesian dose adaptation, log-linear regression, etc.). These data can then inform dose
adjustments that aim to maximize the probability of target attainment in that patient. As
described above, a number of PD targets have been associated with improved effec-
tiveness outcomes, with >60% fT>MIC being the minimum time-dependent goal. TDM
also holds potential to provide exposures that limit the selection of antimicrobial resistant
phenotypes, although this has been predominantly established in vitro [14].

TDM in infants and children is challenged by a desire to minimize blood sampling, restrict
entry into vascular access devices (i.e. central venous catheters), and avoid painful pro-
cedures such as venipuncture. Microsampling techniques can improve the performance
of pediatric PK studies [46-48], applying less invasive approaches to blood sampling and
reducing the risks to the patient. The availability of validated cefepime assays that utilize
as little as 50 pL of plasma or serum can facilitate the clinical application of microsam-
pling techniques and promote TDM in patients where sampling is challenging. Further-
more, application of whole blood microsampling (10-20 plL) to quantify cefepime levels in
pediatric patints will be a convenient and efficient approach for TDM. Recently, Barco et
al. [49], developed and validated a volumetric absorptive microsampling (VAMS™) assay
for four antibiotics in human whole blood. VAMS™ approach allowed for accurate quan-
titation of drugs with no significant influence of hematocrit values. However, to employ
VAMS™ approach for clinical studies, optimal collection, drying, shipping, and storage
conditions with minimal drug degradation needs to be established. In addition, utility of
VAMS™ approaches for TDM require converting whole blood concentrations to plasma
or serum concentrations, where previously established reference ranges are available.
Further studies comparing VAMS™, venous blood, and plasma samples are required to
assess any potential difference between capillary blood from finger pricks and venous
blood.
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ABBREVEATIONS

ACN, acetonitrile; APCI, atmospheric pressure chemical ionization; CV, coefficient of vari-
ation; ESI, electrospray ionization; IS, internal standard; F/T, freeze-thaw; HLB, hydrophil-
ic-lipophilic based; HRMS, high resolution mass sepectrometry; IS, internal standard; LC,
liquid chromatography; MeOH, methanol; MRM, multiple reaction monitoring; ODS, oc-
tadecylsilyl; PK, pharmacokinetic(s); RSD, relative standard deviation; SPE, solid phase
extraction; TBME, ter butyl methyl ether; UHPLC, ultra high performance liquid chroma-
tography; UPLC, ultra performance liquid chromatography.
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