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Abstract

Background Children treated in a pediatric intensive care unit (PICU) often receive several drugs together, among them
drugs defined as high-alert medications (HAMs). Those drugs carry a high risk of causing patient harm, for example, due to
a higher potential for interactions. HAMs should therefore be administered with caution, especially in a PICU.

Objectives The objective of the current study was to identify drug—drug interactions involving HAM:s that increase the risk
of interaction-associated symptoms in pediatric intensive care.

Methods In a retrospective study, we analyzed the electronic documentation of patients hospitalized for at least 48 h in a
general PICU who received at least two different drugs within a 24-h interval. We assessed potential drug—drug interactions
involving HAM on the basis of the two drug information databases UpToDate and drugs.com. Furthermore, we analyzed
whether symptoms were observed after the administration of drug pairs that could lead to interaction-associated symptoms.
For drug pairs involving HAM administered on at least 2% of patient days, and symptoms observed at least ten times after a
respective drug pair, we calculated odds ratios, 95% confidence intervals, and p-values by using a univariate binary logistic
regression.

Results Among 315 analyzed patients, 81.3% (256/315) received drugs defined as high-alert medication for pediatric patients.
Those high-alert medications were involved in 20,150 potential drug—drug interactions. In 14.0% (2830/20,150) of these,
one or more symptoms were observed that could be a possible consequence of the interaction, resulting in 3203 observed
symptoms affecting 56.3% (144/256) of patients receiving high-alert medication. The odds ratios for symptoms observed
after a drug—drug interaction were increased for eight specific symptoms (each p < 0.05), especially hemodynamic alterations
and disturbances of electrolyte and fluid balance. The odds ratio was highest for decreased blood pressure observed after the
administration of the drug pair fentanyl and furosemide (OR 5.06; 95% confidence interval 3.5-7.4; p < 0.001). Increased
odds ratios for specific symptoms observed after drug—drug interactions resulted from eight combinations composed of eight
different drugs: digoxin, fentanyl, midazolam, phenobarbital, potassium salts and vancomycin (high-alert medications), and
the diuretics furosemide and hydrochlorothiazide (non-high-alert medications). The resulting drug pairs were: potassium
salts—furosemide, fentanyl-furosemide, vancomycin—furosemide, digoxin—furosemide, digoxin—hydrochlorothiazide, fen-
tanyl-phenobarbital, potassium salts—hydrochlorothiazide, and midazolam—hydrochlorothiazide.

Conclusions In a cohort of PICU patients, this study identified eight specific drug pairs involving high-alert medications
that may increase the risk of interaction-associated symptoms, mainly hemodynamic alterations and electrolyte/fluid balance
disturbances. If the administration of those drug pairs is unavoidable, patients should be closely monitored.

1 Introduction together leads to an increased risk of drug-related problems

[1, 2], previous studies reported most patients in PICUs
Children admitted to a pediatric intensive care unit (PICU)  received a median number of ten different drugs per patient
are often in a critical state of health and require complex  day [3, 4]. Especially in the PICU, so-called high-alert medi-

drug treatment. Although administration of multiple drugs ~ cations (HAMs) must be administered frequently. Due to
various factors, such as a narrow therapeutic range or a high
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More than half of the patients receiving high-alert
medications were affected by a total of 3203 symp-
toms observed after drug—drug interactions involving
high-alert medications. More than one in four observed
symptoms were associated with a drug—drug interaction
at a significant odds ratio.

Specific drug pairs were identified that may increase the
risk of interaction-associated symptoms, mainly catego-
rized as hemodynamic alterations and fluid and elec-
trolyte balance disturbances. Those drug pairs involved
eight drugs frequently administered in a PICU.

Physicians should avoid the administration of these spe-
cific drug pairs, or if their administration is unavoidable,
monitor patients closely for corresponding symptoms.

potential for drug—drug interactions (DDIs) [5, 6], these
drugs bear a higher risk of causing patient harm compared
with other drugs, according to the Institute for Safe Medi-
cation Practices (ISMP) [7]. Therefore, the administration
of HAM should be given careful consideration. The ISMP
developed its first list of HAMs for the acute care setting in
1995 [7]. Until now, few studies have identified specialized
lists of HAM for children [6, 8—10]. Schilling et al. com-
bined results from three previous studies to develop a list
of 20 HAMs for pediatric patients in the German setting.
They described DDI as a drug-related problem for half of
those 20 [6].

There is scant literature about DDIs involving HAMs for
pediatric patients or their implications for children admitted
to a PICU. Therefore, we aimed to identify DDIs involving
HAMs that may increase the risk of interaction-associated
symptoms. We specifically targeted drug pairs that should
be avoided in daily clinical practice or closely monitored if
their administration is unavoidable. We did not distinguish
between different severity grades for DDI and symptoms,
as we aimed to assess the most common DDIs regardless
of their classification according to the databases, and we
endeavored not to overlook any relevant symptoms. There-
fore, we also included drug—drug interactions with a low
classification according to the databases, as these can also
severely affect patients in a critical health state.
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2 Material and Methods
2.1 Study Design

This retrospective study analyzed data from April 2018 to
March 2019 obtained in a general PICU of a university hos-
pital in Germany. Patients of all pediatric age groups were
treated in the study unit, except neonates, who were treated
in a separate neonatal intensive care unit. We assessed the
electronic documentation for each patient in the hospital’s
patient data management system to identify potential DDIs
(pDDIs) involving at least one drug defined as a HAM.
Furthermore, we analyzed symptoms observed after these
pDDIs to detect interaction-associated symptoms.

We included patients hospitalized for at least 48 h in the
study unit who received at least two different drugs within
a 24-h interval during their stay. Patients on chemotherapy
were excluded because they were mainly treated at the pedi-
atric oncology unit of the university hospital and only trans-
ferred to the PICU for a short time if their health condition
deteriorated severely.

The study titled “Adverse drug reactions in an interdis-
ciplinary PICU” was conducted according to the guidelines
of the Declaration of Helsinki and approved by the Ethics
Committee at the Medical Faculty, Leipzig University, Ger-
many (study number: 127/19-ek) on 2 May 2019. The ethics
committee waived informed consent because this was a ret-
rospective study, and patients’ treatment was not influenced.

2.2 Identification of HAM in the PICU and pDDlIs
Involving at Least One HAM in Clinical Care

On the basis of the electronic patient documentation, we
first examined the administration of the 20 drugs that Schil-
ling et al. [6] defined as HAM for hospitalized pediatric
patients. We included 15 of those HAMs in our analysis
because 5 of the 20 defined HAMs were not administered
in our PICU during the study period: cyclosporine, pheny-
toin, amiodarone, vecuronium, and rocuronium. Second, we
evaluated pDDIs that involved at least one HAM for each
patient day. For this purpose, potentially interacting drug
pairs were identified on the basis of two drug information
databases: UpToDate (provided by Wolters Kluwer, River-
woods, Illinois, USA) and drugs.com (provided by Drugsite
Trust, Auckland, New Zealand). Each drug pair for which an
interaction alert was reported in at least one of the databases
was defined as a pDDI. To identify potentially interacting
drug pairs, we considered a maximum time interval of 24
h between administering a HAM and another potentially
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interacting drug, regardless of whether the second drug
was defined as a HAM. We considered a 24-h interval to
be appropriate because estimating the correct half-lives of
interacting drugs in individual patients in our cohort was
hardly feasible due to the general developmental variability
of pharmacokinetics and pharmacodynamics in children and
the possible influence of the individual patient’s condition.
Hence, if a potentially interacting drug was administered
24 h before or after a HAM, the event was categorized as a
pDDIL. If a pDDI occurred more than once within the defined
time interval, it was counted only once. For continuous infu-
sions, it was assessed for each drug administered concur-
rently whether a pDDI occurred due to the additional drug.

2.3 ldentification of Interaction-Associated
Symptoms

For each pDDI, we investigated whether symptoms that
could be associated with it were observed after the adminis-
tration. For this investigation, we examined the nurses’ and
physicians’ daily documentation of the patient’s condition
for symptoms that occurred within a 24-hour interval after
administration of the second drug of the relevant drug pair.
The documentation included automatically recorded vital
parameters, laboratory parameters, and additional documen-
tation, such as non-measurable symptoms as nausea or vom-
iting (Online Resource 1). For vital and laboratory parame-
ters, age-dependent standard ranges for infants, children, and
adolescents were determined by the treating physicians. For
some patients, the attending physician adjusted the standard
ranges to the patient’s health condition. In our analyses, we
considered deviations from the determined patient—individ-
ual ranges. We focused on symptoms that were identified as
possible consequences of a pDDI according to our database
search in UpToDate and drugs.com. If at least one of these
symptoms was associated with the relevant drug pair at a
statistically significant odds ratio (OR), this was defined as
a DDI. Since we took the underlying data on the symptoms
from the documentation of physicians and nursing staff, it
can be assumed that those symptoms were clinically rel-
evant, as they would otherwise not have been documented.

To estimate the risk associated with the interaction of a
particular drug pair for an observed symptom, we calculated
the OR and 95% confidence interval. To ensure that the cal-
culation was based on a sufficient occurrence of a particular
drug pair and corresponding symptom, we set two crite-
ria. First, we only considered potentially interacting drug
pairs administered on at least 2% of patient days. Second,
we focused only on corresponding symptoms observed at
least ten times after a given drug pair. Combining potentially
interacting drug pairs and symptoms that met these criteria,
we created a contingency table that presents the frequency
of the following combinations on each patient day: both the

potentially interacting drug pair and corresponding symp-
tom were observed; only the potentially interacting drug pair
was observed; only the symptom was observed; and neither
the potentially interacting drug pair nor the symptom was
observed. On the basis of the contingency table, a univariate
logistic regression was performed to obtain OR, 95% confi-
dence interval, and p-value. The calculation was conducted
using IBM SPSS Statistics Version 29 (IBM Corporation,
Armonk, New York, USA). A p value <0.05 was considered
to indicate significance.

3 Results

3.1 Characteristics of Patients and Administered
Drugs

We examined 1263 patients admitted to the PICU during
the study period for the inclusion criteria (Fig. 1). Of those,
315 (24.9%) patients fulfilled the inclusion criteria. Baseline
patient characteristics are presented in Table 1. In total, 255
different drugs were administered to the patients. Of these
drugs, 5.9% (15/255) were identified as HAM for hospi-
talized pediatric patients, according to the study by Schil-
ling et al. [6] (Table 2). The most commonly administered
sedative during the study period was midazolam [affected
173/315 (54.0%) patients on 1011/3788 (26.7%) patient
days; Online Resource 2]. Potassium salts were the most
frequently administered HAM, used on 39.0% of patient
days (1477/3788), in 47.3% (149/315) of patients (Table 3).

Screening during one year study period:
1,263 patients

Exclusion PICU
—» stay < 48 hours:
934 patients
Exclusion due to
—» chemotherapy:
14 patients
A4

Patients included in study:
315 patients

Fig. 1 Flow chart of patient inclusion
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3.2 pDDis Involving at Least One HAM

Analyzing each patient’s electronic documentation, we
identified 20,150 pDDIs involving at least one HAM on
the basis of our database search in UpToDate and drugs.
com. We calculated a rate of 78.7 pDDIs per patient that

Table 1 Baseline patient characteristics

involved at least one HAM (20,150 pDDI involving at least
one HAM/256 patients receiving HAM). The 20,150 pDDIs
resulted from 469 different drug pairs. Of these potentially
interacting drug pairs, 14.3% (67/469) were administered on
at least 2% of patient days. The frequency of the potentially

Characteristics

Value

Number of patients, n (m/f)

Median age, years (Q25/Q75; min/max)

Median weight, kg (Q25/Q75; min/max)

Median length of PICU stay, days (Q25/Q75; min/max)

Median simplified acute physiology score on PICU admission (Q25/Q75; min/max)

Status of ventilation at PICU admission, n (%)

315 (183/132)

3.7 (0.8/11.3; 0.0/22.8)
13.0 (6.7/29.0; 2.3/156.0)
8 (4/14; 3/99)

13 (9/21; 2/50)

Not ventilated 151 (47.9)

Non-invasive ventilation 116 (36.8)

Invasive ventilation 48 (15.3)
Death, n (%) 6(1.9)
Primary reason for PICU admission, n (%)

Surgical 167 (53.0)
Gastrointestinal 53 (16.8)
Musculoskeletal 40 (12.7)
Neurologic 25(7.9)
Oncologic 23 (7.3)
Ears-nose-throat/maxillofacial 13 (4.1)

Urologic 72.2)
Other 6(1.9)

Medical 141 (44.8)
Respiratory 60 (19.0)
Neurologic 20 (6.3)

Sepsis 154.8)
Gastrointestinal 13 (4.1)
Metabolic 11 (3.5)
Cardiovascular 5(1.2)
Other 17 (5.4)
Trauma 7(2.2)
PICU pediatric intensive care unit
Table 2 Characteristics of drug therapy
Characteristics Value
Total number of administered drugs, n 43,200
Number of different administered drugs, n 255
Median number of drugs per patient per day, n (Q25/Q75; min/max) 10 (7/15;1/34)
Total number of administered HAM, n/N (%) 5385/43,200 (12.5)
Number of different administered HAM, n/N (%) 15/255 (5.9)
Median number of HAM per patient per day, n (Q25/Q75; min/max) 1 (0/2; 0/8)

HAM high-alert medication

A\ Adis



Drug-Drug Interactions and Associated Symptoms in Pediatric Intensive Care

623

Table 3 Frequency of high-alert medications administered in the pediatric intensive care unit during the study period. In our analysis, we
included 15 of 20 drugs defined as high-alert medications for hospitalized pediatric patients according to Schilling et al. [6]

High-alert medication

Number of patients receiving the high-alert medication,

Number of patient days with
the high-alert medication, n (%)
(N = 3788 patient days)

n (%)

(N = 315 patients)
Potassium salts 149 (47.3)
Midazolam 173 (54.9)
Vancomycin 33 (10.5)
Epinephrine 74 (23.5)
Clonidine 30 (9.5)
Phenobarbital 65 (20.6)
Fentanyl 42 (13.3)
Digoxin 14 (4.4)
Amphotericin B 13 (4.1)
Tacrolimus 12 (3.8)
Propofol 40 (12.7)
Dobutamine 72.2)
Norepinephrine 18 (5.7)
Morphine 12 (3.8)
Dopamine 3(1.0)

1477 (39.0)
1011 (26.7)
449 (11.9)
431 (11.4)
415 (11.0)
405 (10.7)
389 (10.3)
302 (8.0)
131 3.5)
127 3.4)
84 (2.2)
69 (1.8)
35(0.9)
33(0.9)
27 (0.7)

The remaining five high-alert medications were not administered during the study period: cyclosporine, phenytoin, amiodarone, vecuronium,

and rocuronium

interacting drug pairs and their classifications according to
the databases is presented in Online Resource 3.

3.3 Interaction-Associated Symptoms Identified
in the PICU

We observed at least one symptom after 14.0%
(2830/20,150) of pDDIs, resulting in a total of 3203
observed symptoms affecting 56.3% (144/256) of patients
receiving HAM (Table 4). While we observed one symp-
tom after the administration of 87.7% (2482/2830) of those
pDDIs, more than one symptom was observed after 12.3%
(348/2830) of pDDIs.

The most pDDIs after which we observed at least one
symptom involved potassium salts (2.4%; 493/20,150), fol-
lowed closely by digoxin (2.4%; 480/20,150) and fentanyl
(2.4%; 476/20,150; Fig. 2).

For 33.1% (1061/3203) of observed symptoms, the
preconditions for the calculation of the OR were fulfilled
(Table 5). We found an increased OR for hyponatremia,
hypokalemia, decreased blood pressure, increased heart rate,
urinary retention, edema, sweating, and restlessness (each p
< 0.05; Table 5). Those eight specific symptoms accounted
for 28.0% (897/3203) of all observed symptoms potentially
related to DDI. These DDIs involved eight different drugs
in eight different combinations. Of the eight drugs, 75%
(6/8) were defined as HAM for pediatric patients: digoxin,
fentanyl, midazolam, phenobarbital, potassium salts, and

vancomycin. The remaining 25% (2/8) were diuretics not
defined as HAM: furosemide and hydrochlorothiazide. The
highest OR was found for decreased blood pressure observed
after administration of the drug pair fentanyl and furosemide
(OR 5.06;95% CI 3.5-7.4; p < 0.001), followed by hypoka-
lemia observed after administration of the drug pairs digoxin
and furosemide (OR 4.16; 95% CI 3.1-5.6; p < 0.001) and
digoxin and hydrochlorothiazide (OR 3.86; 95% CI 2.9-5.1;
p <0.001).

4 Discussion

4.1 HAMs are Common Drugs Administered
in the PICU

According to the ISMP, HAMs carry a higher risk of
patient harm compared with ordinary drugs [7]. Even
when used as prescribed, they significantly increase the
risk of drug-related problems [11]. In our study, 81% of
critically ill children received at least one drug defined as
HAM for pediatric patients by Schilling et al. [6]. Potas-
sium salts, midazolam, and vancomycin were the HAMs
most frequently administered. This is in line with a previ-
ous study in a pediatric emergency setting reporting that
91% of patients were prescribed at least one HAM, with
potassium salts being the most frequently administered
[12].
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Table 4 Frequency of symptoms observed after potential drug—drug interactions involving high-alert medications

Symptom Frequency of symp- Frequency related to total of Frequency of patients affected by the respec-
toms, symptoms, % tive symptom after a pDDI involving HAM,
n (N =3203) n (%)
(N = 256 patients receiving HAM)

Increased heart rate 781 24.4 62 (24.2)
Hyponatremia 390 12.2 52 (20.3)
Vomiting 262 8.2 41 (16.0)
Hypokalemia 243 7.6 18 (7.0)
Decreased blood pressure 237 7.4 28 (10.9)
Respiratory depression 164 5.1 24 (9.4)
Urinary retention 137 4.3 29 (11.3)
Hyperkalemia 131 4.1 43 (16.8)
Edema 128 4.0 13 (5.1)
Nausea 119 3.7 24 (9.4)
Agitation 118 3.7 21(8.2)
Decreased diuresis 112 3.5 23 (9.0)
Decreased heart rate 96 3.0 10 (3.9)
Hypomagnesemia 57 1.8 14 (5.5)
Sweating 46 1.4 9(3.5)
Hypocalcemia 43 1.3 12 (4.7)
Increased blood pressure 43 1.3 12 (4.7)
Fever 19 0.6 12 (4.7)
Dyspnea 14 0.4 7Q2.7)
Seizures 14 0.4 5(2.0)
Constipation 10 0.3 4 (1.6)
Diarrhea 9 0.3 2(0.8)
Dizziness 8 0.2 3(1.2)
Abdominal pain 5 0.2 3(1.2)
Sedation 4 0.1 1(0.4)
Excessive diuresis 3 0.1 2(0.8)
Hypercalcemia 3 0.1 2 (0.8)
Increased PTH 3 0.1 1(0.4)
Exanthema 2 0.1 2(0.8)
Tachypnea 2 0.1 2 (0.8)

HAM high-alert medication, pDDI potential drug—drug interaction, PTH parathyroid hormone

4.2 More than 20,000 pDDIs with HAM During
a 1-Year Study

It is widely known that pDDIs are highly prevalent in PICUs.
They are associated with various factors, such as a high num-
ber of administered drugs, a complex chronic condition, or
an increased length of hospitalization [4, 13, 14]. Although
previous studies determined pDDI as a cause of drug-related
problems with HAM for pediatric patients, there is only lim-
ited knowledge about the frequency of pDDIs in pediatric
intensive care [6, 8, 10]. In our study, we found more than
20,000 pDDIs involving HAM in 256 pediatric patients over
the 1-year study period. A previous Brazilian study of adult
intensive care patients reported 846 HAM-related pDDIs in
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60 patients [15]. Compared with our research, the Brazilian
study reported a considerably lower rate of HAM-related
pDDIs per patient (79 versus 14). Part of this difference
may be explained by the fact that pediatric patients requir-
ing intensive care are more susceptible to drug—drug interac-
tions [16]. However, it may also be related to the fact that the
Brazilian study was performed on the basis of the database
Micromedex 2.0 only [15]. Several studies recommended
using at least two databases to determine pDDIs in daily
routine [17-19]. Thus, we used the two databases, UpToDate
and drugs.com, to avoid underestimating any potential risks.
Howeyver, since the concordance between different databases
is limited, comparing various studies can be challenging [20,
21].
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4.3 Physicians Should be Aware
of Interaction-Associated Symptoms

For 2830 pDDIs, we observed 3203 symptoms occurring
after the administration of the potentially interacting drug
pairs. More than one in four detected symptoms were even-
tually associated with a DDI. Those interaction-associated
symptoms comprised eight specific symptoms, mainly
hemodynamic alterations or electrolyte and fluid balance
disturbances. These symptoms were frequently reported
in previous pediatric intensive care studies [3, 22-24]. The
study presented here shows that DDI involving HAM should
be considered a likely trigger for symptoms in addition to
other factors, such as the underlying disease or non-drug
treatments, such as surgeries. It can also be assumed that
various factors contribute to the occurrence of a symptom.
When identifying DDIs and following interaction-associated

symptoms, we did not distinguish between different sever-
ity grades of DDI or symptoms, as the main aim of our
study was to identify drug pairs that are frequently associ-
ated with symptoms that are considered clinically relevant
by the responsible physicians and nurses. Physicians usu-
ally receive a considerable number of alerts when using a
database-related interaction checker. This may quickly lead
to over-alerting. Therefore, we aimed to provide physicians
with a concise overview of clinically relevant DDIs that
occur frequently in a PICU. Our findings could be imple-
mented in commonly used database-related interaction
checkers to draw physicians’ attention to drug pairs involv-
ing HAM that are potentially associated with an increased
risk of adverse events.

We identified eight specific drug pairs composed of
eight different drugs that may lead to an increased risk of

A\ Adis



L. M. Kiesel et al.

626

.uerd uriojiuow e ysIjqe)se Io/pue SLI UOT
-ORIIUI A} JUSAWNDIID 0) $d2IS OB —IOUTJA SOURISWINDIID [B12dS Jopun A[Uo 1 9S[) "UONBUIQUIOD PIOAE A[[ens)—o)eIdPOJA ‘SUOHBUIqUIOD PIOAY—IO[R]A],, {WO0I'SSNI(] Ul PIsh UONBOYISSE[D),

ABUI0 YOS IIA 1OBIIUI ABUI SJUISY PIPaaU uonoe ON— ‘Adesoy) J0JUON—)) uonedyIpow Adesaty 1opsuo)—d,, :21eoLd() Ul pasn UONEIYISSE[D
[9] ‘Te 30 SuryIyos 01 Surpioode syuaned ounerpad pazifeidsoy 10} uONELIIPAW 119[e-Y31Y SB PIZLI0SAR)),

fltzalitirg (N

uonoerIuI Inip—3nip renuajod jqgd ‘(eseqeiep aan0adsar ay) ut pajsi| Jou) 9[qedrdde Jou p/u ‘OpIZeIYIOIO[YO0IPAY DO H

uorssa13a1 onsISo[ 9yeLIeATUN B SUISN PAJE[NO[Ed 9IoMm san[eA-d PUE ‘S[EAISIUI OUIPYUOD %G ‘SONEI SPPO d) ‘SI9qUINU 9SOY) WOL] "UMOYS ST PIAISSQO Sem WO}
-dwAs oy} JoyIoyM pue paId)SIUTIWPE JOU Sem JO Sem uonoerdul Snip—3nip [enuajod aanoadsar ay) yorym uo sAep juaned jo sarouanbary oy ‘wojdwAs paAIasqo pue UOIIBRUIGUIOD FNIP Yo 0]

x100°0 > [eeL1lore 650¢ 82 el 9¢ QeI J1e9Y paseaIdu]
x100°0 > [eciocloTe eLYE LTl 891 0c amssaxd poojq paseardsq QJeIpON e/u LOH (WEJOZEPIN
%100°0 > [serzliLe (98113 olv 6CC c8 erwaneuodAg v/u q9 1DH <SI[BS wnisse1oqd
x500°0 [8T TT1lC81 691¢ 08¥y 601 0¢ Suneomg
%100°0 > [vsiLreleLe 889¢ 196 6S 08 SSQUSSANSIY Iofe]y a Jenqreqousyd JAueiuag
961°0 [€1:901L80 y10¢ 89¢ LLT 6C QeI J1eaY PaseaIdu]
x100°0 > [og relory 960¢ 9¢s 0cl 98 erwaeyodAy 9JeIOPOIN e/u 1DH LJArxoSig
8940 [+'1¥01 080 Leee 8¢€C 11c cl erwosougewodiy
8L6°0 ['1:L01660 £00¢ 98 881 99 QeI J1e9Y paseaIou]
8¥L°0 [LT1:601060 88¢¢ LLT €Ic 01 BIsSNEN
x100°0 > [1¢ 6cl o8¢ (4403 [ X4Y el 68 erwareyodAH QJRISPOIA e/u pruosoIn,y LurxoSiq
€LS°0 [orgol1rt £60¢ 08 Lol 9¢ SunTwop
6S¥°0 [o1g0lvIl 086C SLS 161 [4% SIsaInip pasealdaq
*100°0 > [ov9Clore S90¢ 06 061 €8 Bwopy S1BISPOIN e/u pruasoIng LJUIAWoouRA
%1000 > [czieTl8LT 6¥6¢ %43 we 9L 9Jel JIBaT] PASEAIdU]
%1000 > [9zc1l 10T 626¢ 1829 [4%4 98 uonu)aI Areutrn
%100°0 > [¥Lic€loos 99¢¢ 01 SLT (97 amssaxd poo[q pasea1da 9JRIOPOIA] o) OpIWASOIN,] JJAueiuag
%1000 > [eT cT1l88T L19T e L99 €91 erwoneuodAH e/u q SPIWAsOIn] SI[eS WNISSeI0q
ON SOX ON SOX woydwAsg
anpea d [1D %S6] onea sppO ON ON SO SOX 1aad ,woo°s3niIp Qredaordn 7 Sniq [ 3nug
N ‘woidwAs pue [qqd moyym/ s sAep juaned woldwAs pajeroossy UuoneOYISSe[) 1aagd

uonoRIANUI SNIp—INnIp 9AN0adsaI Ay} JO UONENSTUTIPE Y} I9YJE [ 7 UIYIIM paAtasqo swoldwAs juonbasqns pue suonesrpaw 1197e-yS1y SUTAJoAUT suonoeIaiur Snip—Sniq § ajqeL

A\ Adis



Drug-Drug Interactions and Associated Symptoms in Pediatric Intensive Care

627

interaction-associated symptoms. By calculating the OR
for a DDI and a respective symptom, we took into account
how often a symptom was observed on patient days when
the interacting drug pair was administered compared with
days when the respective drug pair was not administered. In
particular, this should minimize the risk that certain combi-
nations of DDI and symptoms are over- or underestimated.
For the interaction of fentanyl and furosemide, we found the
highest OR for the symptom of decreased blood pressure.
Both drugs have been shown to belong to the top ten of the
most frequently administered drugs and to be among the
drugs most commonly involved in pDDIs in the pediatric
intensive care setting [4]. In our study, DDI was associated
with a potential fivefold increased risk of decreased blood
pressure. The second highest OR, indicating a potential four-
fold increased risk, was found for the interaction of digoxin
with hydrochlorothiazide and the observed symptom of
hypokalemia. Consequently, when the administration of
drug pairs associated with a potentially increased risk of
interaction-associated symptoms is unavoidable, patients
should be closely monitored for potential symptoms.

Until now, few studies have dealt with interaction-asso-
ciated symptoms in the pediatric intensive care setting [14,
25, 26]. One of those studies only focused on cytochrome
P450-mediated drug—drug interactions [25]. Two other stud-
ies concentrated on symptoms on the basis of clinical moni-
toring and laboratory results, as we did in our research. Both
studies also identified hemodynamic alterations and electro-
lyte and fluid balance disturbances as symptoms following
DDIs. However, neither of those studies noted specific inter-
actions that increased the risk of the detected symptoms [14,
26]. Our study went one step further by revealing eight inter-
acting drug pairs that may increase the risk of the identified
interaction-associated symptoms in clinical practice. We
found symptoms that are widely known to follow the respec-
tive DDI, such as the association of hyponatremia with the
DDI of potassium salts and furosemide, or the increased risk
for hypokalemia associated with the DDI of digoxin and
furosemide. However, we also observed symptoms after a
DDI that we did not expect. For example, we unexpectedly
found that the DDI of fentanyl and furosemide was associ-
ated with a potential risk increase for urinary retention, or
that the DDI of vancomycin and furosemide was associated
with edema. Especially for symptoms that unexpectedly are
observed after a specific DDI, other factors, such as the state
of illness or a surgery that could also lead to the symptom,
should be critically evaluated.

4.4 Limitations
Some limitations have to be considered when interpreting

our study results. First of all, the relevance of some drugs
administered in our study can vary in different PICUs around

the world. However, the 15 drugs defined as HAM that were
in the focus of our study are used in many PICUs worldwide
[4,27-31].

As recommended by previous studies [17-19], we used
two databases to prevent failure to detect interactions that
could lead to interaction-associated symptoms. However,
we could not identify a database specializing in DDI for
pediatrics. Previous studies did not find an age-related trend
in the magnitude of DDIs, although it should be noted that
there are insufficient data for children under 2 years of age
[32, 33]. In addition, extrapolating data from adults to chil-
dren may over- or underestimate the severity of DDIs [34].
Additionally, as most databases are limited to the informa-
tion on the interactions of two drugs, potential synergistic
or antagonistic effects of combinations consisting of three
or more drugs might be overlooked.

Furthermore, the allowed maximum time interval of 24
h between the administration of two drugs may be too long
for an interaction for some drug pairs. According to a previ-
ous review by Bakker et al., the optimal time interval would
consider the half-lives of interacting drugs [21]. However,
due to the developmental variability of pharmacokinetics
and pharmacodynamics in children, it is very challenging
to determine standardized drug half-lives in the pediatric
population [35]. In addition, the individual patients’ condi-
tions, such as renal function, can also have significant influ-
ence on drugs’ half-lives [36]. In addition, a constant plasma
concentration is aimed for with many drugs, which is why a
longer-lasting interaction potential can be assumed, although
the half-lives of the individual drugs are varying. To ensure
a standardized approach for evaluating DDI, we established
a 24-h time interval as described in the review by Bakker
et al. if consideration of drug half-lives is not feasible [21].
This methodological approach might potentially increase the
risk of overestimation.

The retrospective design is another limitation of this
study, as using nurses’ and physicians’ daily documenta-
tion entails the risk of missing data. That could lead to
information bias, as the documentation was not primarily
compiled to answer research questions. Consequently, using
the patient documentation as data basis may have an impact
on the identification of symptoms themselves, and on the
observed associations between interacting drugs pairs and
subsequent symptoms. Furthermore, due to the retrospective
design, we could not assess whether the physicians accepted
certain expectable symptoms as an inevitable consequence
of the chosen drug therapy because the patient’s state of
health required the administration.

In addition, it should be kept in mind that the administra-
tion of a HAM alone and the underlying disease may also
increase the risk of adverse events. However, we focused on
acknowledged DDIs and interaction-associated symptoms
reported in established databases. We endeavored to identify
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symptoms prone to being associated with a DDI by calcu-
lating ORs, as those interactions potentially contribute to
evoking symptoms, or to prolonging or exacerbating exist-
ing symptoms. These drug combinations should therefore be
given special consideration in the routine care of critically
ill pediatric patients who are already at risk.

5 Conclusions

Our study sheds light on a topic about which knowledge is
limited: symptoms associated with DDIs involving HAM.
We showed that pDDIs involving HAM are very common
in pediatric intensive care. More than one in four observed
symptoms were associated with a DDI. These symptoms
were mainly disturbances of electrolyte and fluid balance
and hemodynamic alterations. Focusing on drug pairs with
a potentially increased risk of triggering these symptoms, we
identified eight specific drug pairs composed of eight differ-
ent drugs. However, administration of these drug pairs may
be unavoidable. In that case, patients should be carefully
monitored for electrolyte and fluid balance disturbances and
hemodynamic alterations, which were observed as the most
frequent interaction-associated symptoms.
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