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Background. (-lactam antibiotics with dissimilar R-group side chains are associated with low cross-reactivity. Despite this, pa-
tients with -lactam allergies are often treated with non-p-lactam alternative antibiotics. An institutional -lactam side chain-based
cross-reactivity chart was developed and implemented to guide in antibiotic selection for patients with -lactam allergies.

Methods. This single-center, retrospective cohort study analyzed the impact of the implementation of the cross-reactivity chart
for patients with pneumonia. Study time periods were defined as January 2013 to October 2014 prior to implementation of the chart
(historical cohort) and January 2017 to October 2018 (intervention cohort) following implementation. The primary outcome was
the incidence of -lactam utilization between time periods. Propensity-weighted scoring and interrupted time-series analyses com-
pared outcomes.

Results. A total of 341 and 623 patient encounters were included in the historical and intervention cohorts, respectively. There
was a significantly greater use of -lactams in the intervention cohort (70.4% vs 89.3%; P < .001) and decreased use of alternative
therapy (58.1% vs 36%; P < .001). There was no difference in overall allergic reactions between cohorts (2.4% vs 1.6%; P = .738) or
in reactions caused by P-lactams (1.3% vs 0.9%; P = .703). Inpatient mortality increased (0% vs 6.4%; P < .001); however, no deaths
were due to allergic reactions. Healthcare facility—onset Clostridioides difficile infections decreased between cohorts (1.2% vs 0.2%;

P =.032).
Conclusions.

Implementation of a f-lactam side chain-based cross-reactivity chart and enhanced allergy assessment was asso-

ciated with increased use of B-lactams in patients with pneumonia without increasing allergic reactions.
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Clinically significant immunologically mediated cross-reac-
tivity among B-lactams is associated with R-group side chain
homology, and p-lactam antibiotics with dissimilar side chains
are thought to be associated with lower rates of cross-reactivity
[1-13]. Expert-recommended comprehensive allergy assess-
ments typically incorporate the administration of structurally
dissimilar B-lactam antibiotics [2, 7, 8]. Despite this, many pa-
tients with any B-lactam allergies are treated with non-p-lactam
alternative therapies (eg, fluoroquinolones) that are associ-
ated with known risks including clinical failures and increased
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adverse events (eg, Clostridioides difficile infection [CDI]) [2,
10, 14-18].

Recommendations for antibiotic treatment of pneumonias
include regimens containing either p-lactam or non-{-lactam
alternative therapy [19, 20]. Preference is not specified; how-
ever, antimicrobial stewardship programs (ASPs) often utilize
first-line B-lactam use to avoid risks of alternative therapy [2,
10, 14-18]. The presence of a B-lactam allergy has been asso-
ciated with 21% lower use of B-lactams and increased use of
non-P-lactam alternative antibiotics for the treatment of pneu-
monia [21].

Strategies to increase B-lactam use in patients with B-lactam
allergies include pathways that incorporate patient assess-
ment through historical review, direct oral challenges, peni-
cillin skin testing (PST), and specialist evaluation [2, 22, 23].
Several strategies may present challenges for institutions limited
by resources, legal authority, or the time-limiting nature of the
intervention in relation to the volume of patients with pneu-
monia [2, 24]. For example, the availability of an allergist for
inpatient consultations and inpatient PST in the United States
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in community hospitals has been reported as 14% and 18%, re-
spectively [25]. In addition, the reliability of cephalosporin skin
testing is debated, and a positive PST does not rule out use of
all B-lactams [10, 26]. These challenges underscore the necessity
for strategies able to optimize prescribing on a wide scale and in
settings with limited resources.

A previous analysis at our institution showed significant im-
provements in PB-lactam prescribing for surgical prophylaxis
with no increase in incidence of allergic reactions following
introduction of an antibiotic side chain-based cross-reactivity
chart and enhanced allergy assessment processes [27]. We de-
scribe the impact of our approach for the management of pa-
tients with -lactam allergies on antibiotic use in patients with
pneumonia.

METHODS

Development and Integration

A multidisciplinary team at our hospital implemented an in-
stitutional approach for antibiotic stewardship of patients
with B-lactam allergies in October 2014. Strategies included
enhanced allergy assessment and the use of an internally de-
veloped, literature-based, antibiotic side chain-based cross-re-
activity chart to guide prescribing (Figure 1). The chart
provides guidance based on a patient’s allergy type and severity
and the likelihood of reaction based on antibiotic side chains.
No allergy-related changes were made in the electronic medical

record for allergy documentation or to guide antibiotic ordering
at the time of prescribing. Pharmacists actively intervened to as-
sess for previous tolerance of B-lactams, ensure compliance with
chart recommendations, and communicate with prescribers
when warranted. Consultation with allergy/immunology spe-
cialists was available for assessment and interventions including
PST, oral challenges, and desensitization when requested. In
general, consultations were used sparingly and typically in cases
with limited treatment options when the resistance profile of an
organism and/or the patient allergy profiles made prescribing
structurally dissimilar antibiotics challenging.

Patient Consent Statement

The design of the work and waiver of patient consent has been
approved by the St Joseph Mercy Health System Institutional
Review Board.

Study Design

This single-center, retrospective, cohort study at a 548-bed
community teaching hospital analyzed the impact of the im-
plementation of allergy assessment processes with a cross-re-
activity chart in adult patients with documented p-lactam
allergies and pneumonia. Study time periods were defined as
January 2013 to October 2014 prior to implementation (histor-
ical cohort) and January 2017 to October 2018 following im-
plementation (intervention cohort). Patients 218 years of age
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B8] The order may be ordered/verified if any reaction other than type I-IV hypersensitivity reaction (HSR). This includes general or non-specific allergy

listings. For type I HSRs, a B-lactam with a different side chain CAN be safely administered; however, prescribers should be notified to communicate this

information and confirm the order. Avoid use in type II-IV HSRs.

“OK Unless Anaphylaxis” Agent may have limited or conflicting data or share a similar (not identical) side chain. Order/verify as long as the

reaction is NOT listed as a type I-IV HSR.

[l Should not be ordered/verified due to a higher likelihood of cross-reactivity. If ordered, the prescriber should be notified, and a different agent

considered.

[B] “Call Prescriber” The agent may have limited or conflicting data or share a similar (not identical) side chain. Risk/benefit should be evaluated.

Figure 1. Institutional -lactam cross-reactivity chart.
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who received an antibiotic during their inpatient stay with dis-
charge coding indicating pneumonia were identified through
our institutions data warehouse. Pneumonia and concomitant
disease states were identified by the Agency for Healthcare
Research and Quality’s Clinical Classifications Software coding
(Supplementary Table 1) [28]. Patients were excluded if they
did not have a documented p-lactam allergy at their time of en-
counter. Patients with multiple admissions meeting inclusion
criteria were counted as distinct encounters.

The primary outcome was the incidence of f-lactam use per
patient encounter between time periods. Study outcomes also
included the incidence of allergic reactions, 30-day readmis-
sion, all-cause mortality at discharge and 30-days postdischarge,
healthcare facility—onset CDI (HO-CDI), hospital and antibiotic
costs, antimicrobial utilization and duration of therapy, and in-
cidence of B-lactam use per encounter by documented allergy
severity between time periods. Additional analyses investigated
[-lactam use by first and subsequent pneumonia encounters, and
aggregate antibiotic days of therapy (DOTs) per 1000 patient-
days by antibiotic and antibiotic class between time periods.

Preexisting allergies were grouped for analysis as drug intol-
erance, mild reactions, type I hypersensitivity reactions (HSRs),
unknown allergies, and type II-IV HSRs (Supplementary Table
2) [29]. Patients with multiple P-lactam allergies of varying
severity and antibiotic type were categorized according to the
most severe reaction listed.

Use per patient encounter of B-lactam and other antibiotics
was defined as any receipt of any dose during an encounter.
Classification of antibiotic groupings is further defined in
Supplementary Table 3 [30]. Patient-specific antibiotic DOTs
and receipt of diphenhydramine, epinephrine, and hydrocor-
tisone were obtained from institutional data warehouse re-
porting. Antibiotic duration per encounter was defined as the
sum of unique calendar day DOTs during an encounter. The
daily wholesale acquisition cost of antibiotics received was ad-
justed to 2021 dollars and multiplied by the respective antibi-
otic DOTs to determine antibiotic cost [31]. Antibiotic DOTs
per 1000 patient-days were also analyzed in the aggregate by
calendar quarter between time periods. Patient-days unique to
the study population were calculated from encounter-specific
LOS determined from admission dates in the respective admis-
sion calendar quarter. DOTs avoided was determined by multi-
plying difference in DOTSs per patient day between cohorts by
the patient-days in the intervention cohort.

Allergic reactions were confirmed through manual chart re-
view and allergy-related International Classification of Diseases,
Ninth and Tenth Revision, Clinical Modification (ICD-9-CM,
ICD-10-CM) coding (Supplementary Table 4) [32-35]. Chart
review to assess allergic reactions was performed in the fol-
lowing cases: patients with ICD-9/10-CM coding indicating a
reaction; patients who received a p-lactam with any preexisting
documented B-lactam type I-IV HSR; patients with inpatient

or 30-day mortality; patients who had a new -lactam allergy
added to their record within 1 year of their encounter; pa-
tients who received an antibiotic from the same class as their
documented PB-lactam allergy (eg, cephalosporin receipt with
any documented cephalosporin allergy); and patients who re-
ceived diphenhydramine, epinephrine, or hydrocortisone at
any point during their encounter. Potential reactions identified
through electronic queries or manual review were reviewed
by board-certified allergy/immunology physicians to attribute
specific antibiotic or other drug-related cause based on timing,
likelihood of reactions from antibiotics received, severity and
type of reaction, and receipt of additional medications.

HO-CDI was determined through Centers for Disease
Control and Preventions National Healthcare Safety Network
reporting by trained infection and prevention personnel [36].
HO-CDI cases were reviewed to confirm onset post-receipt of
antibiotics. Thirty-day mortality and 30-day readmissions were
determined through a review of an institutional database that
analyzed national and statewide death indexes and statewide
health-system reporting of mortality and readmission. The cost
of inpatient care was unavailable for patients after May 2018
due to changes in data warehouse reporting and excluded if
unavailable.

Statistical Analysis

Descriptive statistics were presented for all study variables
separately by study period. Differences in demographics,
comorbidities, coinfections, and initiation of antibiotics within
48 hours of admission were tested between the 2 study periods
to determine if the 2 periods differ significantly on potential
confounders using unadjusted ¢ tests or x’ tests. The treatment
effect was then estimated using propensity score-weighted ver-
sions of ¢ tests and X tests. The propensity score weights were
calculated to adjust for potential confounding demographic
and clinical characteristics including additional infectious dis-
ease diagnoses, intensive care unit (ICU) stay during encounter,
hospital and ICU length of stay, malignancy, asthma, chronic
obstructive pulmonary disease, acute and chronic renal failure,
hemodialysis, chronic kidney disease, Charlson Comorbidity
Index, an internal scoring tool for patient mortality, and allergy
severity type [37]. Outcomes were assessed both prior to and
after propensity score weighting. Propensity score weighting
was not used in comparisons of variables with overlapping pa-
tients. Interrupted time series (ITS) analyses were performed
on key outcomes of interest to analyze trends between time
periods. Analyses were performed in R version 3.6.0 and SPSS
IBM SPSS Statistics, version 27 (IBM, Armonk, New York) soft-
ware, and significance was defined as a P value < .05.

Post hoc analyses for exploratory purposes analyzed demo-
graphic and clinical characteristics between cohorts in patients
who experienced 30-day mortality using unadjusted t test,
Fisher exact test, or X2 test.
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RESULTS concomitant mycoses infections, infective arthritis and oste-

A total of 6795 patient encounters with discharge coding omyelitis, influenza, and malignancy. There were no differ-

indicating pneumonia were identified. Of these, 5831 (85.8%) ences in specific antibiotic allergies, and variations in several
specific antibiotic allergy severity types between cohorts

were excluded due to a lack of -lactam allergy (Supplementary
(Supplementary Table 5).

Figure 1). Nine hundred sixty-four patient encounters were in-

cluded in the final dataset with 341 in the historical cohort and P-lactam use per patient encounter significantly increased
in the intervention cohort (70.4% vs 89.3%; P < .001) (Table

2). B-lactam use increased in patients with documented mild
reactions (78.3% vs 92.6%; P = .005) and those with type I

623 in the intervention cohort, respectively (Table 1). Baseline
demographic and clinical variables were balanced after pro-
pensity score weighting with the exceptions of patients with

Table 1. Demographics and Clinical Characteristics by Cohort

Variable Historical Cohort (n = 341) Intervention Cohort (n = 623) PValue PS-Weighted PValue
Categorical variables
Sex .385 .381
Female 226 (66.3) 394 (63.2)
Male 115 (33.7) 229 (36.8)
Race 162 267
White 310 (90.9) 545 (87.5)
Other 31(9.1) 78 (12.5)
Concomitant infection
Septicemia 122 (35.8) 247 (39.7) .266 .696
Urinary tract infection 40 (11.7) 75 (12) 97 792
Bacterial infection; unspecified site 15 (4.4) 55 (8.8) .016 .09
Peri-, endo-, and myocarditis; cardiomyopathy 16 (4.7) 30 (4.8) >.999 .82
Aspiration pneumonitis 16 (4.7) 24 (3.9) .648 .519
Mycoses 7(2.1) 35 (5.6) .015 .035
Influenza 5 (1.5) 29 (4.7) .017 .035
Skin and subcutaneous soft tissue infection 6(1.8) 17 (2.7) 47 .186
Intestinal infection 4(1.2) 15 (2.4) .282 112
Viral infection 3(0.9 17 (2.7) .091 .249
Peritonitis and intestinal abscess 0(0) 6 (1) .095 .075
Infective arthritis and osteomyelitis 0(0) 12 (1.9) .01 .01
Diabetes mellitus 118 (34.6) 222 (35.6) .803 425
Cardiovascular disease 163 (47.8) 372 (69.7) <.001 714
Malignancy 75 (22) 17 (2.7) <.001 .002
Asthma 48 (14.1) 89 (14.3) >.999 .964
COPD 119 (34.9) 293 (47) <.001 216
Acute and unspecified renal impairment 83 (24.3) 175 (28.1) .238 5625
Chronic renal impairment 86 (25.2) 206 (33.1) .014 745
Hemodialysis 72 (21.1) 226 (36.3) <.001 .069
ICU stay 42 (12.3) 77 (12.4) >.999 973
Receipt of antimicrobial within 48 hours of admission 333 (977) 608 (97.6) >.999 .831
Allergy type
Drug intolerance 19 (5.6) 45 (72) .396 .304
Mild reaction 69 (20.2) 148 (23.8) 242 .796
Type | HSR 120 (35.2) 262 (42.1) .044 485
Unknown allergy 130 (38.1) 161 (25.8) <.001 133
Type II-IV HSR 3(0.9 7 (1.1) >.999 784
Continuous variables
Age, y, mean (SD) 68.2 (15.7) 70.5 (15.4) .034 .69
Charlson Comorbidity Index, mean (SD) 1.8 (1.3) 2.3(1.4) <.001 124
Length of stay, days, median (IQR) 5 (3-8) 5 (3-8) .831 .85
ICU length of stay, days, median (IQR)? 7 (2-14) 5 (2-9) .218 451
Internal mortality index® [37] 2.9 (1) 25(1) <.001 .072

Data are presented as No. (%) unless otherwise specified.

Abbreviations: COPD, chronic obstructive pulmonary disease; HSR, hypersensitivity reaction; ICU, intensive care unit; IQR, interquartile range; PS, propensity score; SD, standard deviation.
#Analysis performed on subset of patients with an ICU stay (historical cohort, n = 42; intervention cohort, n = 77).

®Analysis performed on subset of patients with available data (historical cohort, n = 289; intervention cohort, n = 602).
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Table 2. Outcomes by Cohort (Unadjusted and Propensity Score Weighted)

Variable Historical Cohort (n = 341) Intervention Cohort (n = 623) PValue PS-Weighted PValue
Categorical outcomes
Received p-lactam 240 (70.4) 556 (89.3) <.001 <.001
Allergy type
Drug intolerance n=19 n=45
Received B-lactam 17 (89.5) 41 (91.1) >.999
Mild reaction n =69 n =148
Received B-lactam 54 (78.3) 137 (92.6) .005
Type | HSR n=120 n =262
Received p-lactam 68 (56.7) 225 (85.9) <.001
Unknown allergy n =130 n=161
Received p-lactam 100 (76.9) 148 (91.9) <.001
Type II-IV HSR n=3 n=7
Received p-lactam 1(33.3) 5 (71.4) 5
Readmission 50 (14.7) 102 (16.4) .546 .806
In-hospital mortality 0 (0) 40 (6.4) <.001 <.001
Received p-lactam 37 (92.5)
Received alternative therapy 34 (85)
30-day mortality 8(2.3) 89 (14.3) <.001 <.001
Received B-lactam?® 7 (87.5) 80 (89.9) >.999
Received alternative therapy® 8 (100) 79 (88.8) >.999
HO-CDI 4(1.2) 1(0.2) .056 .032
Continuous outcomes, median (IQR)
Inpatient costs, $° 7921 (4611-14 600) 7454 (4624-13 431) 524 .303
Antibiotic days of therapy 8 (5-13) 8 (6-12) .98 9
Antibiotic duration, days 5(3-8) 5 (3-7) 426 .62
Antibiotic cost per patient-day, $ 68 (28-143) 76 (36-153) .029 A

Data are presented as No. (%) unless otherwise specified.

Abbreviations: HO-CDI, healthcare facility—onset Clostridioides difficile infection; HSR, hypersensitivity reaction; PS, propensity score.

“Data are analyzed in patients with 30-day mortality (historical cohort, n = 8; intervention cohort, n = 89).

®Data are analyzed in patients with available data (historical cohort, n = 341; intervention cohort, n = 529).

HSRs (56.7% vs 85.9%; P < .001). There was no difference
in total DOTs, duration, and antibiotic cost per encounter
(Table 3). ITS analyses indicated there was a significant level
increase (P =.011) and a flattening in slope of p-lactam utiliza-
tion (P = .02). There was a significant level decrease (P = .024)
and no change in the slope of alternative antibiotics utilization
(P = .053) (Figure 2). B-lactam use improved in both first en-
counters (69% vs 88.2%; P < .001) and for patients previously
admitted with pneumonia during the study time periods (80.5%
vs 93.8%; P = .027) (Supplementary Table 6).

B-lactams for the treatment of pneumonia increased (69.2%
vs 86.8%; P <.001) without change in duration or DOTs. Within
this grouping, cefepime use per encounter increased (38.4% vs
55.4%; P < .001) and was associated with shorter durations.
Cefepime was used more frequently in patients with docu-
mented type I and unknown reactions (Supplementary Table 7).
The use of piperacillin-tazobactam and other cephalosporins
increased without changes in duration. Ceftriaxone use and du-
ration was unchanged.

The use of alternative pneumonia antibiotics per encounter
significantly decreased (58.1% vs 36%; P < .001), as did alter-
native antibiotic DOTs and duration. Decreases in this category

were driven by a reduction in fluoroquinolone use per en-
counter (48.7% vs 26.3%; P < .001), DOTs (3 vs 2; P = .002),
and duration (3 days vs 2 days; P = .003), leading to predicted
avoidance of 568 fluoroquinolone DOTs. The use of vanco-
mycin per encounter (54% vs 46.5%; P = .033), and gram-pos-
itive pneumonia antibiotic DOTs per encounter and duration
per encounter decreased between cohorts.

There was no change in the incidence of allergic reactions
overall (2.4% vs 1.6%; P = .738), nor in type I-IV reactions
(0.9% vs 0.6%; P = .458) (Table 4). In the subset of patients
who received B-lactams and in whom reactions were attributed
to B-lactams, there was no change in total reactions (1.3% vs
0.9%; P = .703) or type I-IV reactions (1.3% vs 0.2%; P = .084).
There was no change in allergic reactions attributed to alterna-
tive therapy (1.8% vs 0.9%; P = .221). In the intervention co-
hort, 1 patient (0.2%) experienced a type I-IV HSR attributed
to B-lactam therapy, compared with 3 patients (0.5%) secondary
to alternative therapy.

Five of 556 patients (0.9%) who received a P-lactam in
the intervention cohort experienced an HSR attributed to a
B-lactam. Patients 1 and 2 were given cefepime with a docu-
mented mild penicillin allergy. Patient 3 was given ceftriaxone
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Table 3. Antimicrobial Utilization by Cohort

Variable® Historical Cohort (n = 341) Intervention Cohort (n = 623) PValue
B-lactam antibiotics

DOTs per encounter 4 (3-7) 4 (3-6) 627

Duration per encounter 4 (3-7) 4 (3-6) 492
Cefepime, ceftriaxone, piperacillin-tazobactam

Use per encounter®® 236 (69.2) 541 (86.8) <.001

DOTs per encounter 4 (3-7) 4 (3-6) .220

Duration per encounter 4 (2-7) 4 (2-6) 143
Cephalosporins

Use per encounter®® 280 (82.1) 483 (77.5) N

DOTs per encounter 4 (3-7) 4 (3-6) .260

Duration per encounter 4 (3-7) 4 (3-6) 181
Cefepime

Use per encounter® 131 (38.4) 345 (55.4) <.001

DQTs per encounter 4 (3-6) 4 (2-b) .012

Duration per encounter 4 (3-6) 4 (2-5) .012
Ceftriaxone

Use per encounter® 137 (40.2) 274 (44) .283

DQOTs per encounter 3 (2-6) 3 (2-5) 423

Duration per encounter 3 (2-6) 3(2-5) 423
Other cephalosporins

Use per encounter®® 12 (3.5) 43 (6.9) .043

DQTs per encounter 2 (1-4) 2 (1-2) 727

Duration per encounter 2 (1-4) 2 (1-2) .661
Piperacillin-tazobactam

Use per encounter® 10 (2.9) 48 (7.7) .005

DOQOTs per encounter 2 (1-3) 3(1-5) 282

Duration per encounter 2 (1-3) 3 (1-5) .282
Antimicrobials other than B-lactams

Use per encounter®® 101 (29.6) 67 (10.8) <.001

DQOTs per encounter 5 (3-8) 5 (3-7) .008

Duration per encounter 4 (3-7) 4 (3-6) .044
Alternative pneumonia antibiotics

Use per encounter®® 198 (58.1) 224 (36) <.001

DOQTs per encounter 3 (2-5) 2 (1-5) .027

Duration per encounter 3 (1-5) 2 (1-4) .023
Fluoroquinolones

Use per encounter®® 166 (48.7) 164 (26.3) <.001

DQOTs per encounter 3(1-4) 2 (1-3) .002

Duration per encounter 3 (1-4) 2 (1-3) .003
Carbapenems

Use per encounter®® 10 (2.9) 33 (5.3) 124

DQTs per encounter 3(1-5) 4 (3-8) .068

Duration per encounter 3(1-5) 4 (3-8) .070
Aztreonam

Use per encounter® 16 (4.7) 19 (3) .261

DQTs per encounter 2 (1-7) 2 (1-3) 526

Duration per encounter 2 (1-7) 2 (1-3) .526
Aminoglycosides

Use per encounter®® 20 (5.9) 19 (3) .051

DQTs per encounter 1(1-2) 10-1) .200

Duration per encounter 1(1-2) 101-1) .200
Clindamycin

Use per encounter® 33(9.7) 42 (6.7) 133

DOQOTs per encounter 1(1-3) 1(1-3) .883

Duration per encounter 1(1-3) 1(1-3) .883
Gram-positive coverage antibiotics

Use per encounter®® 185 (54.3) 296 (475) .053
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Table 3. Continued

Variable? Historical Cohort (n = 341) Intervention Cohort (n = 623) PValue
DOQTs per encounter 3(1-4) 2 (1-3) <.001
Duration per encounter 3(1-4) 2 (1-3) <.001

Vancomycin, intravenous
Use per encounter® 184 (54) 290 (46.5) .033
DOQOTs per encounter 2 (1-3) 2 (1-3) 274
Duration per encounter 2 (1-3) 2 (1-3) 274

Linezolid
Use per encounter® 7 (2.1) 8 (1.3) 516
DOQOTs per patient 5(1-7) 4 (1-5) 513
Duration per encounter 5 (1-7) 4 (1-b) 513

Atypical coverage antibiotics
Use per encounter®® 157 (46) 324 (52) .088
DOQOTs per encounter 3(1-2) 4 (2-5) 428
Duration per encounter 3(2-5) 4 (2-5) 423

Data are presented as median (interquartile range) unless otherwise specified.
Abbreviations: DOTs, days of therapy; PS, propensity score.

“Data reported in patients who received therapy.

®Data are No. (%).

“Patients receiving multiple antibiotics in category are counted once.

with mild cephalexin and penicillin allergies. Patient 4 was given
piperacillin-tazobactam with a preexisting mild cephalexin al-
lergy and ceftriaxone type I HSR. Patient 5 was given amoxicillin-
clavulanate with a mild penicillin allergy. Antibiotic selection
was consistent with cross-reactivity chart recommendations for
patients 1-3. Patient 4 received therapy where the chart recom-
mends a risk benefit assessment for f-lactam use. Nonconsistent
antibiotic selection occurred in patient 5.

HO-CDI decreased between cohorts (1.2% vs 0.2%;
P = .032). There was a significant increase in both inpatient
mortality (0% vs 6.4%; P < .001) and 30-day mortality (2.4%
vs 14.3%; P < .001). There was no difference in p-lactam or al-
ternative therapy use between cohorts in patients who experi-
enced mortality at 30 days. No inpatient deaths were attributed
to an allergic reaction. A single patient within the mortality
cohort experienced a reaction, which resolved 10 days prior to

death. There were no changes in 30-day readmission or hos-
pital cost.

Post hoc analyses of patients who experienced 30-day mor-
tality showed that patients in the historical cohort had higher
malignancy (50% vs 4.5%; P =.001) and diabetes (75% vs 31.5%;
P =.021). No other significant differences were noted.

DISCUSSION

Results of our analysis demonstrated an increase in p-lactam
utilization in patients with documented p-lactam allergies and
pneumonia following implementation of a side chain-based
cross-reactivity chart and enhanced allergy assessment to guide
antibiotic prescribing and ASP surveillance and intervention.
There were no increases in B-lactam allergic reactions, in-
cluding type I-IV HSRs, despite increased use.
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Figure 2. Interrupted time-series analysis of 3-lactam and alternative antibiotic days of therapy (DOTs) per 1000 patient-days, by calendar quarter.
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Table 4. Allergic Reactions by Cohort

Historical Intervention PS-Weighted P
Variable Cohort Cohort PValue Value
Study cohort n =341 n =623
Any allergic reaction 8(2.4) 10 (1.6) .573 .738
Drug intolerance 3(0.9) 0(0) .044 .025
Mild reactions 2(0.6) 6 (1) 719 .329
Type I-IV combined reactions 3(0.9) 4 (0.6) .703 .458
Type | HSR 1(0.3) 1(0.2) >.999 521
Type lI-IV HSR 2 (0.6) 3(0.5) >.999 .616
Allergic reaction (excluding drug intolerance reactions) 5 (1.5) 10 (1.6) >.999 781
Received f-lactam n =240 n = 556
Reaction secondary to p-lactam use®” 3(1.3) 5(0.9) .703
Drug intolerance® 0(0) 0(0)
Mild reactions® 0 (0) 4(0.7) .322
Type I-IV combined reactions 3(1.3) 1(0.2) .084
Type | HSR® 1(0.4) 0(0) .302
Type II-IV HSR® 2(0.8) 1(0.2) 218
Received alternative therapy n =335 n =586
Reaction secondary to alternative use*® 6(1.8) 5(0.9) 221
Drug intolerance® 3(0.9 0(0) .048
Mild reactions® 2 (0.6) 2(0.3) .625
Type I-IV combined reactions 1(0.3) 3(0.5) >.999
Type | HSR® 0(0) 1(0.2) >.999
Type II-IV HSR® 1(0.3) 2(0.3) >.999
Allergic reactions secondary to alternative use 3(0.9) 5(0.9) >.999

(excluding drug intolerance reactions)®®

Data are presented as No. (%) unless otherwise specified.

Abbreviations: HSR, hypersensitivity reaction; PS, propensity score.

?One allergic reaction was thought to be either from B-lactam or alternate therapy and included in both categories (historical cohort, n = 1).

Data were analyzed in patients who received -lactam antibiotics (historical cohort, n = 240; intervention cohort, n = 556).

°Data were analyzed in patients who received alternative antibiotics (historical cohort, n = 335; intervention cohort, n = 586).

These results are similar to previously reported results from
our institution, which detailed significant improvements in
[-lactam selection for surgical prophylaxis [27]. Analyses across
similar time periods show increased prescribing resulting in 85%
and 89% P-lactam use for surgical prophylaxis and pneumonia,
respectively. Importantly, this increased B-lactam use has not
resulted in increases in allergic reactions in either population.
A total of 1094 surgical prophylaxis patients with documented
B-lactam allergies received P-lactam antibiotics (98% cefazolin)
resulting in 3 (0.3%) reactions. Cefazolin does not share a side
chain with other B-lactams, and use of later-generation ceph-
alosporin- or penicillin-based regimens used for the treat-
ment of pneumonia inherently carry more cross-reactivity risk
than cefazolin due to increased side chain similarities [11-13].
Despite this, our results also showed low allergic reaction rates
in intervention cohort patients receiving -lactams (0.9%).

This rate is comparable to reports of allergy incidence in in-
dividuals exposed to different classes of antibiotics. Macy and
Poon reported the incidence of new allergies in outpatients
exposed to various classes of antibiotics including penicillins
(1.3%), cephalosporins (0.9%), and fluoroquinolones (0.8%)
[38]. In another large database study, 1.1% of patients with a

history of a penicillin allergy had a new cephalosporin allergy
reported within 30 days of receipt of a cephalosporin course
compared to 0.4% of those without an antibiotic allergy, or
0.7% with cephalosporin allergies [18]. Patients in our analysis
were as likely to develop an allergic reaction from alternative
therapy as they were from {-lactam treatment. Results further
contribute to the body of literature supporting the safety profile
of structurally dissimilar prescribing.

To our knowledge, this is the only report of the use of a
cross-reactivity chart combined with enhanced allergy assess-
ment in patients with pneumonia. On a grander scale, despite
the availability of and dissemination of high-quality cross-reac-
tivity charts, reports of strategies incorporating structurally dis-
similar antibiotic prescribing are limited. Allergy management
pathways to date that incorporate recommendations based on a
cross-reactivity foundation have utilized computerized guide-
line applications or medical record alerts. For example, a com-
puterized guideline application with clinical decision support
incorporating PST and specialist evaluation along with re-
commendations for later-generation cephalosporin use in pa-
tients with mild reactions, and with or without test dosing in
patients with type I HSRs, increased prescribing of penicillins
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and cephalosporins from 38% to 50% in patients with penicillin
allergies [39]. Simply removing the electronic medical record
warning to avoid cephalosporin use in patients with peni-
cillin allergies increased cephalosporin use from 18% to 27%
without differences in anaphylaxis or new allergies at a large,
integrated health system [40]. We believe incorporation of ac-
tive interventions through pharmacist and ASP efforts contrib-
uted to improvements. We have described results in surgery and
pneumonia populations; however, our evaluation process is for
all antibiotic indications in PB-lactam allergic patients. Active
strategies incorporating side chain-based allergy assessment
and active pharmacist review may be an easily implemented,
effective, and deployable strategy for ASPs to incorporate into
their existing allergy stewardship strategies with the potential
for wide-scale influential change.

Our analysis also noted a significant reduction in HO-CDI
in the intervention cohort. Patients with penicillin allergies
have been shown to have a 23%-26% increased incidence of
CDI [18]. A United Kingdom study reported 35% of the in-
creased risk was due to receipt of B-lactam alternatives in-
cluding fluoroquinolones, clindamycin, and macrolides.
Fluoroquinolones alone accounted for 16% of the increased
risk [16]. The reduction in HO-CDI was a secondary outcome,
likely multifactorial, and influenced by additional institutional
initiatives to reduce CDI; however, decreased use and exposure
to fluoroquinolones, may have contributed to improvements in
this important metric.

There was a significant increase in 30-day mortality and
in-hospital mortality in the intervention cohort, though no in-
patient deaths were attributed to allergic reactions. Post hoc ana-
lyses confirmed the validity of patient identification queries and
mortality reporting. In general, individuals in the intervention
group were older, had higher Carlson Comorbidity Index scores,
and higher risk for mortality as indicated by an internal mortality
index [37]. With propensity score weighting, these differences
were not significant. In patients who died by 30 days, the only
differences between groups were higher malignancy and diabetes
in the historical cohort and there was no difference in p-lactam
or alternative use between time periods. We are unaware of mor-
tality differences associated with increased p-lactam use or de-
creased alternative therapy use in patients with pneumonia. The
finding that no patients died in the hospital in the historical co-
hort is noteworthy. Similar p-lactam and alternative use in pa-
tients who died suggests this finding is unrelated to antibiotic
selection; however, further research is warranted.

This study had several limitations including the single-
center, retrospective nature of the analysis. Documented al-
lergies and reactions were limited to those present in the
medical record at the time of encounter. Allergy clarification
and history may have occurred following patient discussions,
which further guided prescribing. Our analysis of allergic re-
actions may have been impacted if reactions were not properly

coded or documented, not identified by investigators during
manual chart review, or occurred postdischarge without a
new B-lactam allergy charted in the medical record within 1
year. Alternative antibiotic allergic reactions may have been
undercounted since postdischarge queries for the addition
of new allergies were limited to B-lactam allergies. Potential
unaccounted confounders such as risk factors for multidrug-
resistant infections, culture and susceptibility variations, and
changes in the mix of hospital-associated and community-
acquired pneumonia cases were not assessed. Variations in any
of these metrics could influence antibiotic selection and our
lack of inclusion is an acknowledged limitation.

Antibiotic use could have occurred any time during the en-
counter and the entirety of use may not have been exclusively for
the treatment of pneumonia. For example, a patient may have
received various courses of antibiotics depending on concomi-
tant infections. The comparison cohorts were well matched fol-
lowing propensity score weighting for concomitant infections,
and commonly used pneumonia antibiotics were reported as a
categorical grouping; however, this lack of pneumonia-specific
sophistication is a limitation.

Our ASP continued to evolve throughout the extended
timeframe of this study. Strategies included enhanced ASP
surveillance and intervention in patients at the highest risk of
mortality, participation in a statewide initiative to improve an-
tibiotic prescribing in pneumonia and urinary tract infections,
regularly updated institutional guidelines for common infec-
tious diseases that often encouraged structurally dissimilar pre-
scribing, and active syndrome-specific interventions targeting
pneumonia and other common infectious diseases [41-43]. In
general, these strategies emphasized appropriate antibiotic se-
lection and duration. For example, a pneumonia care bundle
was implemented, which alerted pharmacists to prescribed
antibiotics for the treatment of pneumonia through an alert
built in commercially available pharmacy surveillance soft-
ware. Active surveillance, communication, and intervention by
pharmacists were expected to ensure that a suite of predefined
quality measures was met. Structurally dissimilar antibiotic se-
lection was implied, and treatment duration was emphasized.
These overlapping ASP strategies encouraged active scrutiny of
antibiotic use and likely contributed to results. Further investi-
gations comparing effective strategies to optimize antibiotic use
in patients with p-lactam allergies are encouraged.

We describe results of a real-world implementation of a
cross-reactivity chart to guide structurally dissimilar antibiotic
prescribing in patients with pneumonia. Adoption was aided
by targeted active pharmacist intervention, ASP oversight, and
multidisciplinary buy-in to promote -lactam use. Initiatives
to improve structurally dissimilar B-lactam prescribing may
present a resource-friendly, deployable approach that can work
in combination with the suite of available allergy management
strategies.
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In conclusion, implementation of a B-lactam side chain-
based cross-reactivity chart combined with enhanced allergy as-
sessment was associated with increased utilization of B-lactams
and reduced non-B-lactam alternative therapy use in patients
with pneumonia without increasing allergic reactions.
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