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1 Short Summary

Maintaining the cold chain of vaccines with a temperature range of 2°C to 8°C is a challenging
issue worldwide. Exposure to heat and especially to freezing reduces vaccine effectiveness and
tolerability. Prior research revealed cold-chain breaches and heterogeneous vaccine storage
practices in German practices but failed to offer broader quantifications or solutions. This PhD
project aimed at quantifying vaccine storage deficits (temperature, vaccine storage practices, and
personnel’s knowledge) and improving vaccine storage conditions by developing an intervention.
The intervention is a web-based education program named ‘Keep Cool’ for general practice teams
which was evaluated in teaching practices.

At baseline, 75 refrigerators from 64 practices were analyzed: 68.0% (n=51) had cold-chain
breaches with 15% (n=11) showing critically low temperatures (<0°C). On average, only 4.7
(standard deviation (SD) =1.9) of ten predefined quality criteria for vaccine storage practices were
fulfilled. Following participation in the web-based education program, knowledge on vaccine
storage of 60 participants from 25 practices improved from an average of 5.6 (SD=1.9) to 9.8
(SD=1.2) of 11 correct answers (<0.001) immediately after participation in Keep Cool. The
widespread dissemination of Keep Cool promises to solve a highly relevant issue for public health

that is currently underestimated by general practices and regulatory bodies.

2 Introduction

Thermostability differs between the various vaccines used for disease prevention (World Health
Organization, 2006). The World Health Organization considers protecting vaccines from freeze
damage “one of the most poorly addressed problems in vaccine management” that requires
attention in order to not jeopardize disease-prevention goals (World Health Organization, 2007).
Freeze exposure is especially dangerous to adsorbed vaccines (e.g. hepatitis, tetanus, diphtheria,
pertussis), as the aluminum-containing adsorbents form irreversible precipitates, which decrease
vaccines’ potency and may cause local irritation (Paul-Ehrlich-Institut, 2012; World Health
Organization, 2006). The most sensitive vaccines, with a freezing threshold of -0.5°C, are adsorbed
hepatitis B vaccines (World Health Organization, 2006). Also, heat exposure has a cumulative
negative effect on vaccine potency (World Health Organization, 2006). For instance, pertussis
vaccine is stable for two weeks at 20-25°C, for one week at 37°C, and has a loss of potency of 10%
or more per day at >45°C (World Health Organization, 2006). The vaccine most sensitive to heat

is herpes zoster vaccine, which may be stored for 30 minutes at 20-25°C (GlaxoSmithKline,



personal communication). To ensure vaccine potency, international guidelines stipulate that
vaccines are to be maintained within a temperature cold chain between +2°C and +8°C starting
from the time of manufacture until patient administration. In a 2014 physician survey on vaccine
management, we found that 16% of the surveyed German general practitioners self-reported
experiences with cold-chain breaches either as an error or near error. Also, only 51% reported
monitoring and documenting temperatures twice a day as recommended (Thielmann et al., 2015a;
Weltermann et al., 2014). Thus, we suspected vaccine storage deficits at the end of the cold-chain
in general practices. Convenience sample inspections of 21 refrigerators confirmed our suspicions:
refrigerators were outside the target range in 10.2% of the time (Thielmann et al., 2015b; Thielmann
and Weltermann, 2017a, 2017b). Also, we observed various other vaccine storage deficits which
may pose a threat to vaccine potency, e.g. unwrapping of vaccines, contact to outer walls of
refrigerators, and wrong temperature probe setups.

Cold-chain breaches are an ongoing issue worldwide (Hanson et al., 2017) and have been linked to
disease outbreaks in the past (Boros et al., 2001; Lerman and Gold, 1971; McColloster and
Vallbona, 2011; Onoja et al., 1992) or were suspected to be linked (MclIntyre et al., 1982). Guidance
on vaccine storage in Germany is scarce (Gemeinsamer Bundesausschuss, 2013; Robert Koch-
Institut, 2007, 2011; Paul-Ehrlich-Institut, 2012; Robert Koch-Institut, 2013, 2018/2019).
However, to establish quality-ensured cold-chain maintenance, compliance with a range of
structural and procedural aspects is deemed necessary in practices. Thus, drawing on national
recommendations and guidelines from several countries (US (Centers for Disease Control and
Prevention, 2014), UK (Salisbury et al., 2006), Australia (Australian Government, 2013), Canada
(Public Health Agency of Canada, 2015), Scotland (Health Protection Scotland, 2013)), we
identified best practices for the German setting (Thielmann and Weltermann, 2017a). The

education program Keep Cool was subsequently designed on the basis of our findings.

3 Objective

The main objective of the Keep Cool study was to quantify vaccine storage deficits and to improve
vaccine storage conditions in German general practices. This was operationalized by a succession
of three parts: 1) developing an education program to optimize vaccine storage, 2) planning and 3)

conducting an outcome evaluation for the education program.



4 Methods (Publications 1 and 4)

4.1 Education Program

The Keep Cool intervention was designed as a web-based education program for physicians and
their practice teams. The learning content is presented in five tutorials: temperature (9 subtopics),
refrigerator (3 subtopics), storage (4 subtopics), responsibilities (5 subtopics), and monitoring
(8 subtopics). The content is based on national (Paul-Ehrlich-Institut, 2012) and international
recommendations, guidelines (Australian Government, 2013; Centers for Disease Control and
Prevention, 2011, 2014; Health Protection Scotland, 2013; Public Health Agency of Canada, 2015;
Salisbury et al., 2006) as well as further scientific literature (Chojnacky et al., 2009; Chojnacky et
al., 2010; World Health Organization, 2006).

Participants are given immediate access to basic information and practical tips, and can select
expert information for in-depth understanding (see Figure 1). On average, Keep Cool takes
45 minutes to complete and can be done at any time either at home or during the work process
(repeated access possible). Upon registering and commencing the education program, participants
complete a questionnaire to assess their baseline knowledge. The presentation of the learning
content follows three key features: a) content is tailored to an individual’s baseline knowledge by
providing feedback, b) content is targeted to the occupational group (physicians or medical

assistants), and c) the program personally addresses the participants.

keep cool i keep cool o~

Datenlogger sind am besten! Datenlogger sind am besten!

Prasistipp

Figure 1: Example of the layout and presentation of the learning content: basic information

and practical tip (left), expert information (right).

After completing the learning content and accessing the download area (e.g., scientific literature
and templates for a temperature logbook), participants test their immediate learning success. If

completed successfully, participants receive a certificate. Additionally, physicians receive a



continuous medical education point. Further details on the education program are described in

Thielmann et al., 2020 (Publication 4).

4.2 Study Design

The evaluation was initially designed as a randomized, controlled trial with one intervention and
one waiting-list control group in practices with confirmed cold-chain breaches (see Figure 2 for
final study overview) (Thielmann et al., 2015b). For practical reasons during study conduct, we
adapted the initially more complex study design. We refrained from randomization due to ethical
reasons and offered the program to all practices after baseline temperature analyses showed marked
temperature deficits which required immediate briefing of and action on behalf of the practices.
This study was thus conducted as a prospective intervention study with two temperature monitoring
periods. The primary outcome was the prevalence of refrigerators with temperatures within the
target range (2°C to 8°C) for seven days. Improvement in knowledge served as a secondary
outcome. Ethical approval was obtained from the Ethic Commission of the Medical Faculty of the

University of Duisburg-Essen (14-6118-BO). Participants provided written informed consent.

Temperature monitoring (baseline)

v
Compliance with storage recommendations (baseline)
v
Knowledge (baseline)

v

Participation in education program
v

Knowledge (follow-up)
v
Temperature monitoring (follow-up)*

*beyond the scope of this dissertation

Figure 2: Final study overview.

4.3 Study Population and Recruitment

The study invitation was extended to all general practices of the teaching practice network affiliated
with the University of Duisburg-Essen, Germany (N=185). Practices (n=17) that were involved in
pre-tests were excluded, yielding a study population of 168 practices. Practices were recruited via
email, fax and telephone. Non-participants received a short questionnaire via fax. Recruitment took

place between January 2018 and August 2018.



4.4 Primary and Secondary Outcomes

4.4.1 Temperature

Temperature as the primary outcome was measured with a data logger (Testo 175T, accuracy:
+0.4°C) equipped with a standard probe at baseline and during follow-up at seven weeks (note:
beyond the scope of this dissertation). Similar to prior studies (Bell et al., 2001; Gazmararian et al.,
2002; Gold et al., 1999; Lewis et al., 2001; Page et al., 2008), we used continuous monitoring over
seven days with a logging interval of one reading per minute. According to standards (Australian
Government, 2013; Chojnacky et al., 2009; Chojnacky et al., 2010; Centers for Disease Control
and Prevention, 2014), the data logger was positioned in a plastic bin and placed in the center of
the refrigerator (see Figure 3). The data loggers’ display was turned off and access to its memory

was locked.

Figure 3: Set-up of data logger in plastic bin.

4.4.2 Vaccine Storage Practices

To assess vaccine storage practices other than cold-chain maintenance, we developed a checklist
to be completed after each practice visit. We derived quality criteria from the international literature
for the five core issues of the previously determined best practices for the German setting, i.e.,
refrigerator, temperature, storage, monitoring, and responsibilities (Thielmann and Weltermann,
2017a). The criteria were subsequently used to develop a 10-item checklist which was developed
and refined using checklists from previous studies (Bell et al., 2001; Bishai et al., 1992;
Gazmararian et al., 2002; Grasso et al., 1999; Haworth et al., 1993; Lee et al., 2012; Lewis et al.,
2001; Woodyard et al., 1995; Yuan et al., 1995).

4.4.3 Knowledge

Knowledge was measured with a self-developed questionnaire consisting of 11 items with five
answer options of which one was correct. The content was based on previous studies (Bell et al.,
2001; Bishai et al., 1992; Chojnacky et al., 2009; Gazmararian et al., 2002; Gold et al., 1999;
Kassenirztliche Bundesvereinigung, 2013; Lee et al., 2012; Page et al., 2008; Thakker and Woods,
1992; Woodyard et al., 1995; Yuan et al., 1995), German (Paul-Ehrlich-Institut, 2012; Robert



Koch-Institut, 2018/2019) as well as national recommendations/guidelines of other countries
(Australian Government, 2013; Centers for Disease Control and Prevention, 2011, 2014, 2015;
Public Health Agency of Canada, 2015; Salisbury et al., 2006), and also on scientific literature on
the temperature sensitivity of vaccines and the performance of different refrigerator types

(Chojnacky et al., 2009; Chojnacky et al., 2010; World Health Organization, 2006).

4.5 Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics for Windows, version 24
(Armonk, NY: IBM Corp.) and R, version 3.5.1. Descriptive statistics were used to describe
participating and non-participating practices for each part of the study, i.e., the temperature
monitoring and the intervention. Percentages and mean values are reported for valid cases. y2 test

was used for categorical data, Student’s t-test for continuous data.

Temperature: Temperature readings of a 7-day monitoring period were analyzed. The first
120 minutes after setting up each data logger were excluded to allow the probe to acclimatize. The
primary outcome was the prevalence of refrigerators with temperatures within the target range (2°C
to 8°C) for seven days. Secondary outcomes included reaching different cut-offs, e.g. <0°C
(Hanson et al., 2017; Matthias et al., 2007; World Health Organization, 2006). For a better
indication of unacceptable temperature exposure, we calculated the cumulative and consecutive
time (in hours) beyond the target range and different cut-offs. A further secondary outcome
addressed the refrigerators’ capacity to maintain the target temperature range, considering cycling
ranges >5.0°C as unacceptable. Refrigerators were categorized in acceptable and unacceptable
types based on scientific literature (Chojnacky et al., 2009; Chojnacky et al., 2010; Centers for
Disease Control and Prevention, 2014). To estimate the relationship between practice
characteristics and ‘within temperature range (2-8°C) versus outside target range’ and ‘reaching
critically low temperatures (0°C) versus within target range’, we used hierarchical generalized
linear mixed models (GLMM) for binomial responses with random practice-specific intercepts (to

account for practices with more than one refrigerator).

Vaccine storage practices: Descriptive statistics were performed at item level for all checklist
items, including the quality criteria and the sum score of quality criteria. The latter was described

for a) the total sample, b) refrigerators that continuously maintained the cold chain (2°C to 8°C),



and c) refrigerators that reached critically low temperatures (<0°C). Associations between reaching

more than half (6+) of the ten quality criteria and temperature data were analyzed using GLMM.

Knowledge: The frequency of all knowledge items and the learning effectiveness was calculated
collectively for all participants and separately by professional group as well as per practice (at least
one person with 8/11 or 11/11 correct). The outcome ‘good vaccine storage knowledge’ was
defined as answering at least 8 of 11 of the questions correctly. For participants with data at both
collection times, the level of improvement after program participation within the groups was
compared using McNemar’s test for categorical and the Wilcoxon signed-rank test for continuous
variables. GLMM were used to assess the relationship between practice characteristics and ‘optimal

vaccine storage knowledge’.

5 Results

5.1 Temperature (Publication 2)
Of the 168 practices invited, 64 (38.1%) practices with 75 refrigerators participated in the baseline

monitoring (Table 1).

Table 1: Characteristics of participating practices (N=64).

n %"
Number of physicians in practice, mean + SD [10] 2.1+1.2
Number of medical assistants, mean = SD [11] 5.3%£3.3
Number of vaccines in practices (vaccine spectrum), mean + SD [10] 17.9+1.8
Practice type: Group 38 594
Patients with statutory health insurance: > 85% [8] 37 66.1
Certified quality management [15] 14 28.6
Physician qualifications: Travel medicine [10] 12 22.2
Physician qualifications: Tropical medicine and/or yellow fever license [10] 7 13.0
Services offered: Pediatric preventive services and/or adolescent medicine [10] 22 40.7
Services offered: Adolescent preventive services [10] 44 81.5
Refrigerator type (n=75)
Pharmaceutical grade 9 12.0




Household model 66 88.0
Freezerless refrigerator 30 47.0
Refrigerator with internal ice compartment (one exterior door)* 31 45.5
Refrigerator with internal non-insulated ice compartment (one exterior door)* 2 3.0
Full-size dual-zone refrigerator/freezer (separate exterior doors) 2 3.0
Unclear 1 1.5

“valid percentages [missing values] ~ SD = standard deviation *unacceptable refrigerator types

The prevalence of refrigerators with temperatures within the target range was 32.0% (n=24 of 75),

re. 68.0% of refrigerators had temperature deficits: 14.7% (n=11) reached critically low

temperatures <0°C, while 44.0% (n=33) showed temperatures >8°C and 28.0% reached

temperatures (n=21) <2°C. See Figure 4 for an overview of temperatures for all refrigerators.
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Figure 4: Temperature ranges by refrigerator (N=75).

Of the 168 hours recorded per refrigerator, the average cumulative time >8°C was 49 hours, <2°C

75 hours and <0°C 74 hours. The longest consecutive period of critically low temperatures was

168 hours (mean: 39£53). The temperature inside the refrigerators does not remain constant due to

the design of the cooling mechanism. It can best be described as cyclic. The prevalence of



refrigerators with a cycling range of >5°C was 29.3%. Figure 5 shows typical temperature

recordings encountered.
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Figure 5: Examples of typical temperature recordings.

5.2 Vaccine Storage Practices (Publication 3)
Of the refrigerators described in 5.1, no practice/refrigerator had ‘good refrigerator management’
defined as reaching all ten predefined quality criteria. For details on criteria see Figure 6. On

average, refrigerators met 4.7 (SD=1.9) criteria.

Not all vaccines in drawers’bins/baskets [0] 813
No temperature loghook visible near refrigerator [11] 75.0
No temperature probe‘thermometer in center of refrigerator [25] 540
Vaccine boxes with contact to outer walls [8] 463
Refrigerator unsuitable [1] 4.6
Thermometer unsuitable for digital minimum-maximum recording [23] 36.5
Vaccnes on door shelves [17] 345
Owerstocking (i. e., not enough space between boxes) [3] 319
Not all vaccines in original card board wrapping [1] 311
Food and/or biomaterial stored [6] 203
Good refrigerator management (10/10) 0.0

0%  20% 40% 60%  80% 100%
Figure 6. Frequencies of the ten quality criteria for 'good refrigerator management' (N=75)

[missing values].

5.3 Knowledge (Publication 4)

Of the 64 practices that took part in the two-week temperature monitoring, 25 practices completed
the learning program (response rate: 39.1%) with a total of 60 participants (mean 2.4 +0.8).
Information on personnel’s knowledge is available for 16 physicians and 44 medical assistants. For

details on participating and non-participating practices see Table 2.



Table 2: Comparison of participating (n=25) and non-participating (n=39) practices.

Participating Non-
practices participants
(n=25) (n=39)
n %" N %"
Practice type: Group 13 52.0 25 64.1
Number of physicians in practice, mean + SD [10] 2.0+1.4 2.2+1.1
Number of medical assistants, mean = SD [11] 4.4+3.1 5.843.3
Certified quality management [15] 2 10.5 12 40.0
Physician qualifications: Travel medicine [10] 4 20.0 8 23.5
Physician qualifications: Tropical medicine and/or yellow 1 5.0 6 17.6
fever license [10]
Number of vaccines in practices (vaccine spectrum), 17.7£2.0 18.0£1.6
mean = SD [10]
Number of refrigerators 33 42
Temperature
Always within target range (2-8°C) 7 21.2 17 40.5
Within target range but at least once >8°C 10 30.3 18 42.9
Within target range but at least once <2°C 12 36.4 5 11.9
Always >8°C 1 3.0 1 2.4
<2°, in target range, >8°C 2 6.1 1 2.4
Always <2°C 1 3.0 0 0.0
Type of refrigerator used, household 32 97.0 34 81.0

“valid percentages [missing values] SD = standard deviation

The mean knowledge score at baseline was 5.6 correct answers (SD=1.9), which increased to 9.8

(SD=1.2) after program participation (p<0.001) (see Figure 7). The item with the highest net

change addressed the need for twice-daily documentation of temperatures (+76.7%). Knowledge

of the lower and upper temperature targets improved from 58% (medical assistants) and 63%

(physicians) to 100% in each group. Optimal vaccine storage knowledge after participation (38%

of participants) was associated neither with age, gender, occupational group, nor practice type.

10
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Figure 7: Knowledge on vaccine storage: Number of correct answers per participant

(maximum 11 items) before and after program participation (before program N=60/ after

program N=58).

6 Discussion

This dissertation project on vaccine management in general practices provides added value for
public health for the following four reasons: 1) it offers the first quantification of cold-chain
breaches in vaccine storage in German general practices (Publication 2); 2) it describes the status
quo of vaccine storage practices and quantified deficits judged by international standards
(Publication 3); 3) it quantifies knowledge deficits in practice personnel (Publication 4); and 4) it
includes the development of a web-based education program that was tested successfully in the

target group (Publications 1 and 4).

The cold-chain breaches in two thirds and the critically low temperatures in 15% of the refrigerators
are similar to reports from other wealthier countries worldwide (Hanson et al., 2017). Comparing
the other encountered deficits in vaccine storage practices (e.g. temperature probe/thermometer in
center of refrigerator) to the literature is difficult due to the existing methodological variety.
Overall, practices lacked adequate temperature monitoring rigor (i.e., a suitable thermometer, at
least twice-daily monitoring), which is a significant prerequisite for identifying -critical
temperatures (Matthias et al., 2007). Keep Cool was effective in improving the poor knowledge
levels encountered at baseline (Publication 4). Such knowledge deficits and the lack of problem
awareness are also reported in other countries (Bell et al., 2001; Gazmararian et al., 2002; Lee et

al., 2012; Page et al., 2008).

11



This project has several limitations. First, we refrained from a randomized, controlled study design
for ethical reasons. Thus, only pre-post comparisons were possible. Second, only short-term results
reflecting the immediate learning effectiveness were available because of practical reasons during
the study conduct. Third, whether the positive results for knowledge translate to quality-ensured

long-term cold-chain maintenance is unclear and will be addressed in the future.

This dissertation has several methodological implications for future research. Generally, it adds to
the few intervention approaches on vaccine storage worldwide, all of which failed to establish a
lasting quality improvement (Gold et al., 1999; Lee et al., 2012; Lewis et al., 2001; Jeremijenko et
al., 1996). The low participation rate in the Keep Cool program is particularly noteworthy. First, it
points to knowledge behavior gaps and problem awareness deficits. Practices refrained from
participation although they received their (insufficient) baseline temperature outputs and were
offered a low-threshold, no-cost ‘solution’. Second, it suggests that a web-based intervention
delivery alone is insufficient to reach the complete target group. Likely, various barriers play arole,
e.g., personal preferences, and some practices avoid regular access to the internet as a safety
precaution. Also, to our knowledge, this is the first intervention that focuses on both two

professional groups in general practices.

7 Conclusion and Perspective

We documented serious but avoidable vaccine storage deficits in German general practices. The
following actions are needed to improve the current situation: 1) establish program effectiveness
for the primary outcome based on the follow-up data, 2) develop and test additional intervention
channels for the delivery of the learning content, 3) take action on a regulatory level, 4) plan a

large-scale dissemination to physicians from all medical specialties who provide vaccinations.

12
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Abstract

Background: Immunization programs are among the most effective public health strategies worldwide. Adequate
vaccine storage is a prerequisite to assure the vaccines' effectiveness and safety. In a questionnaire survey among a
random sample of German primary care physicians, we discovered vaccine storage deficits: 16 % of physicians had
experience with cold chain breaches either as an error or near error, 49 % did not keep a temperature log, and

21 % did not use a separate refrigerator for vaccine storage. In a recent feasibility study of 21 practice refrigerators,
we showed that these were outside the target range 10.2 % of the total time with some single refrigerators being
outside the target range as much as 66.3 % of the time. These cooling-chain deficits are consistent with the
international medical literature, yet an effective, easy to disseminate, practice-centered intervention to improve
storage conditions is lacking.

Methods/design: This randomized intervention trial will be conducted in a random sample of primary care practices.
Based on continuous temperature recordings over 7 days, all practices with readings outside the target range for
vaccine storage (+2 °C to +8 °C) will be randomly allocated to a web-based education program or a waiting list control
group. The practice physicians and their teams constitute the target population. Participants will be educated about
best practices in vaccine storage and will receive a manual including storage checklists and templates for temperature
documentation. In all practices, temperatures of the vaccine refrigerators will be monitored continuously using a data
logger with a glycol probe as a surrogate for vaccine vial temperature. The effectiveness of the web-based education
program will be determined after 6 months in terms of the proportion of refrigerators with vaccine vial temperatures
within the target range (+2 °C to +8 °C) during 7-day temperature logging. Secondary outcome parameters include
temperature monitoring, no critically low temperatures (< -0.5 °C), compliance with storage recommendations,
knowledge of good vaccine storage conditions, and assignment of personnel as vaccine storage manager and backup.

Discussion: Keep Cool will develop and evaluate a web-based education program to improve vaccine storage
conditions in primary care and thereby ensure immunization safety and effectiveness.
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Background

Immunizations are among the most effective and cost-
effective public health strategies worldwide [1]. Ad-
equate vaccine storage is a prerequisite to maintain ef-
fectiveness and safety of the vaccines. The maintenance
of the vaccine cold chain (2 °C to 8 °C) is of utmost im-
portance to assure vaccine potency [2]. Detailed analyses
of vaccine temperature sensitivities documented freezing
of vaccines as being more critical than heating, at
least in our moderate Western European climate.
Modern adsorbed hepatitis B vaccines were docu-
mented to be the most sensitive vaccines with a freezing
point of -0.5 °C [2]. At this temperature, irreversible pre-
cipitates of aluminum-containing adsorbents begin to
form, which decrease the potency and can induce local
irritation upon injection [2, 3].

In a cross-sectional web-based questionnaire survey,
we analyzed vaccination management among a 10 % ran-
dom sample of primary care physicians from one of Ger-
many’s largest federal states, North Rhine-Westphalia [4]
using international recommendations for vaccine storage
[5-9]. The survey (n = 211) revealed that 16 % of the
primary care physicians have experience with cold chain
breaches either as an error or near error; 8 % do not
regularly control their storage with regard to vaccine
wrapping, vaccine expiration date, and refrigerator
temperature; 49 % do not keep a storage temperature
log; and 21 % fail to use a separate refrigerator solely for
vaccine storage. In a recent feasibility study, we ob-
served that the correct temperature range of 2 to 8 °C
was not consistently maintained in seven of 21 (33.3 %)
vaccine refrigerators from teaching practices. Refrigera-
tors were outside the target range 10.2 % of the total
time, with single refrigerators outside the target range
for as much as 66.3 % of the time. These results are in
line with studies worldwide, which discuss the following
key problems related to vaccine storage: 1) temperatures
outside the target range [10, 11], 2) lack of adequate
temperature measurement devices [12—14], 3) lack of
continuous temperature documentation [4, 12—14], 4) use
of inadequate refrigerators [9, 10, 12], 5) lack of separ-
ate refrigerators [13-15], 6) inadequate storage prac-
tices [2, 12, 14, 15], 7) lack of designated personnel
[14], and 8) insufficient staff training and guidance
[12, 14, 16-18].

Prior studies addressing these deficits used the following
intervention components either alone or in combination:
1) written educational materials, 2) introduction of ther-
mometers with or without feedback on temperature read-
ings by either graphic display or telephone advice to
personnel, and 3) 1:1 onsite education with inspection of
refrigerators. In 2002, a prospective intervention study of
721 US primary care practices achieved improved compli-
ance with several storage recommendations of up to 19 %
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after 3 months following the distribution of a manual, a
thermometer and a feedback checklist [12]. Similar results
with improvements ranging from 13 to 23 % after 4 weeks
were shown in a Korean study of 39 private clinics, which
provided onsite 1:1 education including the distribution of
a manual. This study also documented improved aware-
ness of various vaccine storage criteria ranging from 3 %
to 29 % [16]. With regard to reaching the targeted
temperature range, the best result was observed in an
Australian study of 50 primary care practices: onsite edu-
cation and the distribution of min/max-thermometers led
to a fourfold increase of practices with refrigerator tem-
peratures in the target range [18]. The two studies avail-
able, which provided long-term follow-ups after 6 months,
1 year, and 5 years, documented a tendency for improved
temperatures in the populations studied but also reported
fluctuations over time in 25 % of the practices with ini-
tially optimal temperatures [19, 20]. The repetitive docu-
mentation of such fluctuations in intervention as well as
control groups underlines the need for structural change
as part of educational interventions, including the long-
term implementation of practice routines for daily
temperature monitoring.

Following recommendations on effectively changing
medical practice [21], our study will use a complex ap-
proach focusing on the individual as well as the
organizational level by encouraging structural changes.
The intervention will address both professional groups
involved in the management of vaccines, that is, the
physician managers in charge, as well as the practice as-
sistants who handle vaccines. Based on didactic ap-
proaches such as information tailoring and confidence-
based learning, relevant information will be presented in
a web-based education program, which tailors infor-
mation to each users’ knowledge. Prospectively, this
e-learning approach will allow for widespread dissem-
ination at low cost.

Keep Cool aims to evaluate the effectiveness of a web-
based education program to improve vaccine storage
conditions in primary care practices. The main outcome
used to determine the effectiveness of the intervention is
the proportion of refrigerators with vaccine vials within
the target range (+2 °C to +8 °C) during 7-day monitor-
ing after 6 months.

Methods/design

Study design

Keep Cool is a prospective, randomized, controlled
intervention trial, which will be performed in a random
sample of primary care practices (see Fig. 1). After tele-
phone recruitment, all practices will be visited by a study
assistant to set up temperature data loggers (t0). Based
on continuous temperature recordings over 7 days, all
practices with readings outside the target range for
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Designated vaccine storage manager
Compliance with storage recommendations

t0: Recruitment (n=174)

Temperature data logging (7 days) for
selection of practices and randomization

|

1:1 randomization of all practices with
temperature readings outside target range*

\%

Intervention Group
(targeted n=23)

A

Waiting List Control
(targeted n=23)#

Knowledge

t1: Baseline Temperature monitoring

| Intervention

|

Temperature data logging (7 days)

t2: Follow-up 6 months
Knowledge

Compliance with storage recommendations
Designated vaccine storage manager

Practices’ temperature monitoring procedures

Temperature data logging (7 days)

Compliance with storage recommendations
Designated vaccine storage manager
Knowledge

Practices’ temperature monitoring procedures

\A

Temperature data logging (7 days)
t3: Follow-up 12 months

t4: Follow-up 18 months | Knowledge

Compliance with storage recommendations
Designated vaccine storage manager

Practices’ temperature monitoring procedures

Fig. 1 Study overview

*Practices with temperatures inside the target range will be followed up separately to monitor temperature fluctuations
#Practices will receive access to the intervention after t2 is completed

vaccine storage (+2 °C to +8 °C) will be randomly allo-
cated (1:1) to an intervention group or a waiting list
control group. Practices with temperatures within the
target range will be followed separately to monitor
temperature fluctuations. Baseline data on knowledge
will be collected at t1 prior to the start of the interven-
tion, whereas the compliance with storage recommenda-
tions and the assignment of personnel as vaccine storage
manager and backup will have already been documented
by the study assistant during recruitment (t0). After
baseline measurements at t1, the intervention group will
receive access to the e-learning program. Follow-up data
will be obtained after 6 months (t2) and, to study the in-
tervention’s long-term effectiveness, after 1 year (t3) and
18 months (t4). After the intervention phase is com-
pleted, the waiting list control group will receive access
to the e-learning program.

Ethical approval was obtained from the Ethic
Commission of the Medical Faculty of the University

Hospital Essen, University of Duisburg-Essen (reference
number: 14-6118-BO, date of approval: 04/02/2015). Keep
Cool follows the Ethical Principles of the World Medical
Association Declaration of Helsinki (WMA 1964).

Study population

The target population of this randomized controlled trial
is primary care physicians and their practice personnel.
The majority of these personnel completed a 3-year vo-
cational training with a degree (practice assistants). A
few practices also employ secretaries, nurses or
personnel without a degree, but with on-the-job training.
The intervention will address all staff members handling
vaccines regardless of their prior training. Practices are
eligible if they administer vaccinations and are situated
within a 50-km radius of Essen, Germany. All participat-
ing physicians and practice personnel will sign an in-
formed consent form.
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Intervention: web-based education program

Physicians and practice personnel will participate in a
web-based education program on the storage of vac-
cines according to international best practices (for ex-
ample, WHO and CDC). To ensure the target
populations’ acceptance of the program, we will ask
primary care physicians and practice assistants of aca-
demic teaching practices of our research network to
join recurrent focus group sessions. This group will
facilitate the development, adaptation, implementa-
tion, and evaluation phase of the intervention.

The e-learning program will be developed using a
teaching software that allows the tailoring of informa-
tion to each user group (that is, physicians and med-
ical assistants) and each individual’s previous response
behavior. Following confidence-based learning, the e-
learning program will require participants to a) an-
swer concrete vaccine storage-related questions and
b) indicate the degree to which they feel confident in
the correctness of each answer. Depending on the re-
spondents’ answers, that is, correctness and confi-
dence of answers, each participant will receive
learning input with subsequent learning-success-
adjusted repetitions of questions to achieve optimal
memorizing effects. All participants will receive tai-
lored feedback during the course of answering ques-
tions on an item level and for all items after
completion of the program.

Five educational topics will be addressed by the web-
based education program:

1. Requirements for technical equipment including
refrigerator criteria; types of thermometers;
equipment maintenance.

2. Vaccine temperature sensitivity, target temperature,
and daily reviewing and recording of temperatures:
freezing thresholds of freeze-sensitive vaccines;
refrigerator target range (2-8 °C = 35.6-46.4 °F);
necessity of daily recording; recording criteria; need
for long-term temperature logs; and use of data logs
(paper-based or electronically).

3. Principles of vaccine storage inside a refrigerator
including the preparation of refrigerators for
vaccine storage, background knowledge about the
use of domestic refrigerators for vaccine storage
(incl. refrigerator cycles, temperature zones),
necessity of a separate refrigerator for the sole
purpose of vaccine storage, standards for vaccine
storage within refrigerators, and use of storage
aids.

4. Vaccine cold chain-related processes including
vaccine arrival procedures, periodic manual storage
control, and procedures for dealing with cold chain
breaches and equipment failure.
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5. Responsibilities of practice personnel including the
assignment of personnel as vaccine storage manager

and backup.

To facilitate long-term changes at the organizational
level, all practices will be advised to assure the following
two structural components: 1) the assignment of
personnel as vaccine storage manager and at least one
backup and 2) the set-up of a comprehensive
temperature monitoring system. This includes reviewing
temperatures using a standard thermometer, recording
temperatures in a temperature log, taking immediate ac-
tion if needed, and retaining temperature logs. In
addition to a storage manual summarizing the program
content, the following material will be made available as
a web download: a “temperature log template,” guides
for “preparing a refrigerator for vaccine storage,” “stor-
ing vaccines in the refrigerator,” “refrigerator mainten-
ance,” plans for “routine vaccine management,” and
“emergency response,” as well as a summarizing over-
view of the “tasks of the vaccine coordinator.”

Outcomes
Primary outcome: The proportion of refrigerators with
vaccine vials within the target range (+2 °C to +8 °C)
during a 7-day monitoring at 5-minute intervals after 6
months. Temperature inside the target range is chosen
as the primary outcome, because it is of utmost import-
ance that nonfreezing vaccines are stored in this
temperature range. When absorbed mono- and combin-
ation vaccines reach their individual freezing thresholds,
their chemical structures irreversibly change. This can
lead to increased local reactions and reduced effective-
ness. The most sensitive vaccines are hepatitis B vac-
cines with a freezing threshold of -0.5 °C [2]. A thermal
analysis of frequently used types of refrigerators by the
US Department of Commerce [22, 23] showed that vac-
cine vial temperatures vary depending on the refrigerator
type, loading density and location of vaccines inside the
refrigerator. Typical refrigerators used in German pri-
mary care are the types “freezerless” (single refrigerator
compartment without a freezer) and “dual zone” (separ-
ate compartments for refrigerator and freezer, both with
individual doors), both so-called domestic refrigerators.
Based on different scenarios, that is, door openings and
loading density, temperatures can vary by +/-2.3 °C in
the type “freezerless” and by +/-4.5 °C in the type “dual
zone” [22, 23]. The maintenance of the temperature
range of +2 to +8 °C, as recommended by vaccine manu-
facturers and public health authorities worldwide, is
hence justified and therefore serves as a primary out-
come measure.

Temperatures will be measured via a data logger that
is approved by the US Center for Disease Control
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(CDC), and the same type will be distributed to each
practice in order to ensure consistency of temperature
readings across locations. Continuous measurements
over 7 days are planned for baseline (t0) and continu-
ously thereafter, with follow-ups after 6 months (t2), 1
year (t3) and 18 months (t4). Continuous measurements
are preferable to single-point measurements because
many practices use nonpurpose built refrigerators (so-
called domestic refrigerators). Such refrigerators are
known to have temperature cycles that result from their
on-/off-construction: using the physical principle of the
Carnot cycle, they cool down to a specific temperature,
after which the cooling department is shut off until a
higher temperature is reached [22, 23]. To analyze such
temperature fluctuations, we chose a logging interval of
one reading every 5 minutes. Similar logging rates were
used in prior studies [12, 14, 17, 19, 20]. The logging
period of 7 days ensures that at least one regular work-
ing week and one weekend are included. This takes
differences in patient flow and refrigerator door open-
ings into account (for example, typically more
patients on Mondays).

Secondary outcomes follow international best practices
and guidelines:

1. Temperature monitoring - Improvement in
temperature monitoring with optimal monitoring
defined as electronic or paper-based recording
with a minimum of two readings per day for
the previous 5.5 months (5 % missing entries
allowed). Prior studies indicated that temperature
fluctuations without adequate adjustments over
time are a main barrier to intervention success.
To overcome this barrier, this intervention program
will emphasize temperature monitoring, including
temperature reviewing, recording, taking immediate
action if needed and retention of temperature
logs.

2. Refrigerators not freezing - The proportion of
practices with vaccine vials not reaching critically
low temperatures (-0.5 °C or lower) will be
determined.

3. Compliance with storage recommendations -
Improvement in actual refrigerator-related storage
quality will be assessed at practice level according to
the following examples:

a. Refrigerator is used exclusively for vaccine
storage.

. Standard thermometer is located in refrigerator.

. No vaccines are stored in refrigerator door.

. Vaccines are stored in their original wrapping.

. e Vaccines are stored in the center of the
refrigerator.

o o0 o
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f. Use of a stock management system (for example,
“earliest expiry first out (EEFO)” principle) and
regular manual stock control.

4. Knowledge about vaccine storage - Improvement in
knowledge of good vaccine storage conditions in
physicians and practice personnel will be studied
using a standardized questionnaire.

5. Assignment of personnel - During the initial practice
visit the study assistant will ask if practices currently
have assigned personnel as vaccine storage manager
and backup. This is considered an important
structural characteristic to maintain long-term
changes at practice level.

Measurement instruments
Temperature data logging
An important distinguishing factor from previous
studies, but in line with international best practices
[5-7], is the use of a data logger with one high-
accuracy thermistor probe immersed in glycol. In
contrast to a standard air probe, the slow-reacting
glycol probe resembles the temperature changes of
the vaccine vials, whereas the fast-reacting air probe
only shows the ambient air temperatures inside the
refrigerator and the effects of door openings on re-
frigerator temperatures.

Specifications and set-up of the chosen data logger are
described below:

1. Type - EL-GFX-DTP.

2. Manufacturer - Lascar Electronics Ltd, UK.

3. Probe - High-accuracy thermistor probe immersed
in glycol.

4. Accuracy for probe within the operating range -5 °C
to +10 °C - +/- 0.1 °C.

5. Logging rate - 1 reading per 5 minutes.

According to standards, this data logger will be
placed in the center of the refrigerator for continu-
ous recording. In practices using more than one re-
frigerator for vaccine storage, the refrigerator most
frequently used and closest to the reception desk will
be selected.

Self-administered questionnaire (knowledge and
temperature monitoring)

The questionnaire will consist of a knowledge part
(part 1) and a part addressing current structures and
procedures used for monitoring of temperatures (part
2). The knowledge part will be developed drawing on
the international body of recognized best practices
and guidelines (for example, WHO), official checklists
used in other countries (UK, US, and AUS) and
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previous studies (for example, [12, 14, 16, 17, 20]).
Items will correspond to the five educational topics
detailed above. In addition, sociodemographic charac-
teristics of physician and practice personnel (sex, age,
years in practice/job, part-/full-time, and job content)
and practice characteristics (single/group, number of
physicians/medical assistants in practice, number of
patients quarterly, average number of vaccinations
daily, age structure of patients, and urban/rural) will
be included. In part two, the current structures and
procedures used for the monitoring of temperatures
will be obtained. Participants will complete part 1 and
2 of the questionnaire after accessing the web-based
program, but before starting with the educational pro-
gram itself (t1). Follow-up measurements will use a
paper-based version of part 1 of the questionnaire,
handed out and collected when downloading follow-
up data logger readings (t2 and t4). Inspections of
temperature logbooks at t2 and t4 will serve as the
follow-up measurement for part 2.

Storage checklist

Changes in the compliance with storage recommenda-
tions will be assessed using a checklist completed by the
study assistant. This checklist will be a modification of a
tool used in the previously mentioned intervention study
by Lee et al. (2012) [16] and draws on the same sources
listed above. This checklist is completed when the data
loggers are set up (t0) and again when the temperature
readings are downloaded (t2, t3, t4).

Waiting list control group The control group will con-
sist of practices that have temperature readings outside
the target range during baseline data collection. The
control group will be monitored via a temperature data
logger but will receive access to the e-learning program
only after t2. By including a control group, an interven-
tion bias due to the set-up of data loggers is taken into
account. The control group is closest to regular everyday
care and serves as a baseline to better determine the ef-
fectiveness of the intervention.

Safety issues

All practices will be informed in detail about their vac-
cine refrigerator temperature. The tailored education
and the download material will address the issue of how
to deal with temperature breaches. Practices with
temperature readings outside the target range will re-
ceive additional information after t2. The following
safety regulations will be followed:

1. Practices with any temperature beyond the target
range will receive detailed information on the date
and duration of the incident.

Page 6 of 8

2. They will also receive detailed information
recommending that the manufacturer’s hotline(s) be
contacted for information on how to deal with
vaccines exposed to inadequate temperatures, and if
additional vaccinations of patients are required to
assure patient immunity.

3. In addition, practices will receive the contact data of
the Paul Ehrlich Institute, the Federal German
agency responsible for vaccines and appropriate
management thereof.

Data collection procedure

Practice recruitment

The study will be performed in a random sample of pri-
mary care practices in North Rhine-Westphalia,
Germany. The sample will be restricted to practices
within a 50-km radius of the University Hospital Essen.
To support a systematic recruitment process and ensure
detailed documentation of all contact attempts and com-
munications with the practices, we will use a response-
tracking database. To achieve a high response rate, we
will follow a multi-level approach, consisting of up to
three invitation letters and up to five phone calls on dif-
ferent days and at different times. The first phone call
with each physician is to ensure the eligibility of prac-
tice, that is, vaccines are administered, provide add-
itional study information, schedule an appointment for
the first practice visit by the study assistant. In order to
allow for a nonparticipant analysis, practices refusing
participation will be asked to complete a short question-
naire on their practice characteristics (solo/group prac-
tice, number of patients quarterly, number of physicians
in practice, number of refrigerators used, and availability
of a refrigerator thermometer).

Randomization

Based on results of the temperature baseline data collec-
tion, practices with temperatures outside the target
range will be randomized equally to the two study arms
(1:1). The randomization procedure is computer-based
through www.random.org. No participant will be in-
formed about the study hypotheses in detail.

Sample size estimation

The intervention study will be performed in a sample of
46 primary care practices (23 practices per arm) with
suboptimal temperature readings at baseline during a 7-
day monitoring period (t0). A sample size of 23 practices
per group provides an 80 % power to detect anticipated
differences between the groups at a significance level of
0.05 %. We assume that 70 % of the practices in the
intervention group will reach the temperature target
range at follow-up. This assumption is based on two inter-
vention studies of comparable intensity that observed
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optimal storage conditions in 83 % and 77 % of previously
suboptimal practices, using continuous temperature read-
ings as the outcome [18, 19]. Regarding the control group,
we expect that 30 % of practices will reach the
temperature target range at follow-up due to a study par-
ticipation effect because of being exposed to temperature
monitoring via data logger. This assumption is based on
an intervention study that observed optimal temperature
readings in 33 % of the control group at follow-up [18].

Owing to the lack of intervention studies available, the
power calculation is based on more conservative
assumptions.

As the intervention will only be conducted in practices
with suboptimal temperatures, a total of 174 practices
will have to be recruited for t0. This is based on the as-
sumption that 33.3 % of refrigerators will be outside the
target range (n = 58). This percentage is derived from
the abovementioned prospective feasibility study in 17
primary care practices with 21 vaccine refrigerators and
similar results reported by Bell et al. (2001), Jeremijenko
et al. (1996) and Lewis et al. (2001) [14, 18, 20]. Our cal-
culation takes into account a dropout rate of 20 %. This
dropout rate is based on our experience and corresponds
to reports from other cluster-randomized trials [24].
Using an adaptive design, baseline temperature measure-
ments for tO will be stopped as soon as the anticipated
total sample of n = 58 is reached.

Statistical analysis

Descriptive statistics will be used to describe baseline
characteristics for both study arms with regard to prac-
tice characteristics (single/group, number of physicians/
medical assistants in practice, number of patients quar-
terly, average number of vaccinations daily/per week,
age structure of patients), participating physician and
practice personnel characteristics (sex, age, years in
practice/job, part-time/full-time, job content). The ef-
fectiveness will be assessed by comparing the interven-
tion and control group and by intragroup comparison
(baseline versus follow-up). We will evaluate the effect-
iveness based on temperature as the main outcome
(within range yes/no) by comparing both groups using
the chi-square test. For intergroup analyses, all dichot-
omous secondary outcomes will be evaluated using chi-
square tests for each item. In addition, compliance with
storage recommendations will be analyzed on the basis
of a sum score calculated across all items by using a t-
test. For in-group comparisons, McNemar tests will be
calculated for dichotomous outcomes and t-tests for
dependent samples for sum scores. Temperature moni-
toring will be measured on an ordinal level to allow for
application of the Mann-Whitney U Test (intergroup
comparison) and the Wilcoxon signed rank sum test
(intragroup comparison). A P value <0.05 will be
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considered significant. All statistical analyses will be per-
formed using IBM SPSS 22° on Windows.

Discussion
To our knowledge, this will be the first randomized con-
trolled trial evaluating a web-based approach in com-
parison to a control group addressing the issue of
vaccine storage. The topic is important to ensure vaccine
effectiveness and safety but currently plays a minor role,
at least in German primary care practices. Some of this
lack of recognition is due to the fact that this topic is
only marginally addressed, if addressed at all, in the
medical education of physicians and practice personnel.
Effectively changing medical practice requires a “com-
plex approach focused on different levels, tailored to
specific settings and target groups” [21]. To address the
issue of vaccine storage, we chose a web-based educa-
tion that combines a number of benefits. First, while be-
ing as effective and satisfactory as traditional educational
approaches [25, 26], it addresses both target populations,
that is, physicians and practice team members. The
tailored presentation of relevant learning content is dis-
cussed to increase the appropriateness of the informa-
tion on a personal level, thereby implying that contents
are better remembered and more frequently discussed
(for example, [27]). Although computer tailoring has not
been studied in healthcare providers, it was proven to be
effective in patients’ health education and promotion
[28, 29]. Second, an e-learning intervention tool can eas-
ily be used for recurrent training, for example, to train
new personnel in case of fluctuation or to retrain staff in
the form of continuous medical education. Third, in
contrast to 1:1 education our web-based learning format
can be disseminated on a larger scale at low cost.
Methodologically, the study exhibits a number of
strengths. First, in contrast to prior studies, continuous
vial temperature using a glycol probe as opposed to
single-point measurements of ambient air temperature is
used as a primary outcome parameter. Second, to take
into account the frequently reported fluctuations in per-
formances, several strategies to intensify the intervention
are combined: the intervention is directed at both the in-
dividual physician and practice personnel as well as the
organizational level. Participants will receive tailored in-
formation and a manual for later reference, whereas the
practice as an organizational unit will receive managerial
support in the form of templates, plans and guides for
various aspects of vaccine management, for example, for
temperature recording and emergency plans in the event
of equipment failure. A manual on vaccine storage man-
agement is a novelty to German practices as currently
no agreed-upon reference is available, and the official
German recommendations for vaccines contain only lit-
tle information on storage issues. Third, in contrast to



Thielmann et al. Trials (2015) 16:301

some prior interventions lacking in-depth descriptions
of intervention contents and implementation processes,
we will describe the content of the web-based education
intervention in detail to allow for replication and/or
building on research findings. Fourth, our web-based
intervention is designed for future widespread use in
small and larger healthcare institutions at low cost.

Trial status
Practice recruitment is planned to start in January 2016.
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Abstract

Introduction

Protecting vaccines from freeze damage is considered one of the most poorly addressed
problems in vaccine management. Freezing may impair the potency especially of adsorbed
vaccines. The Keep Cool study aims at ensuring optimal vaccine storage conditions in gen-
eral practices. This publication analyses the baseline data using standardised temperature
recordings.

Methods

This prospective study in German general practices analysed 7-day temperature recordings
of refrigerators used for vaccine storage. Temperatures were recorded continuously using a
standardised data logger with an accuracy of +0.4 °C. The prevalence rates of refrigerators
within the target range (2 to 8 “C) and of those reaching critically low temperatures (<0 °C)
were calculated. In addition, the cumulative time and the duration of single episodes beyond
the target range were computed. To assess for structural deficits, the prevalence of refriger-
ators with a cycling of >5 °C was determined. Generalised linear mixed models were applied
to analyse correlating factors between the dependent variables ‘within temperature range’
and ‘reaching critically low temperatures’ with practice characteristics.

Results

The study included 64 of 168 practices (38.1% response rate) with 75 refrigerators. The
prevalence of refrigerators with temperatures within the target range was 32.0% (n = 24),
and 14.7% (n = 11) reached critically low temperatures <0 °C. 44.0% of refrigerators (n = 33)
showed temperatures >8 °C and 28.0% (n = 21) <2 °C. Of the 168 hours recorded per refrig-
erator, the average cumulative time >8 “C was 49 hours, <2 °C 75 hours and <0 °C 74
hours. The longest consecutive period of critically low temperatures was 168 hours (mean:
39+53). The prevalence of refrigerators with a cycling range of >5 °C was 29.3%.
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Conclusion

Given the importance of immunisation, the results of our study call for action, as two-thirds
of the refrigerators exhibited cold chain breaches and 15% reached critically low tempera-
tures threatening vaccine potency.

Introduction

Immunisations are among the most effective and cost-effective public health strategies world-
wide [1]. However, their effectiveness depends on adequate vaccine storage conditions. Main-
taining the cold chain, i.e. a temperature range of 2 °C to 8 °C, is crucial to ensure vaccine
potency [2] and tolerability [3]. In the past, cold chain breaches were suspected of causing dis-
ease outbreaks, but confirming this suspicion is difficult [4-8]. Preventing freezing is especially
important to maintain the potency of adsorbed vaccines (e. g. hepatitis A, hepatitis B, tetanus,
diphtheria, pertussis, pneumococcal disease) [2]. Adsorbed hepatitis B vaccines are considered
the most sensitive vaccines, with a freezing threshold of -0.5 °C [2]. At this temperature, irre-
versible precipitates of aluminium-containing adsorbents begin to form which decrease the
potency of the vaccines. Also, these may induce local irritation upon injection [2,3]. Further-
more, all vaccines are at risk of contamination when exposed to freezing temperatures, as hair-
line cracks in the pre-filled syringe can develop which are not necessarily noticeable to the
human eye [9]. The World Health Organization (WHO) considers protecting vaccines from
freeze damage “one of the most poorly addressed problems in vaccine management” that
requires attention in order not to jeopardise disease-prevention goals. [10].

Research of the American National Institute of Standards and Technology showed that
refrigerators’ suitability to maintain the cold chain varies drastically depending on the type of
refrigerator [11,12]. Relevant parameters are ‘temperature control stability, air circulation pat-
terns, defrost cycles, and long-term drift of the temperature set point’ [11]. A crucial aspect is
the technical design of the cooling compressor and its regulation based on on-off mechanisms.
Purpose-built refrigerators for the storage of medical products, so-called pharmaceutical
refrigerators, have several advantages compared to household models: enhanced temperature
set point control, a better ventilation system, and a narrower temperature range [12]. Many
household models are designed to allow different temperature zones required in food storage
[13] and allow for freezing temperatures, e. g. -5 “C [11].

According to a systematic literature review, freezing temperature exposure occurred in
approximately 33.3% of refrigerators used for vaccine storage in ten wealthier countries [14].
In our prior cross-sectional questionnaire study, 16% of German general practices self-
reported experiencing cold chain breaches either as an error or near-error, and 49% lacked
adequate monitoring and documentation [15,16]. The Keep Cool study aims at ensuring opti-
mal vaccine storage conditions: after visual inspections of refrigerators used to store vaccines
and a baseline temperature survey of seven days, general practices with temperature violations
are offered access to a tailored online learning program [17,18].

This publication presents the baseline data of the Keep Cool study: standardised, continu-
ous 7-day temperature data are analysed for cold chain breaches in general practices. First, we
aimed to identify the prevalence of refrigerators with temperatures within the target range (2
8 °C). Second, we determined the prevalence of critically low temperatures (<0 “C) and ana-
lysed the temperature cycling ranges of refrigerators in order to assess their capacity to
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maintain the cold chain. Third, associations between practice characteristics and temperature
were analysed.

Methods
Study design

Details on this prospective intervention study with two temperature measurement periods
have been reported elsewhere [17]. Briefly, this publication describes the baseline of the Keep
Cool study, which was developed by two researchers (A.T., B.W.), formerly Institute for Gen-
eral Medicine, University of Duisburg-Essen, now: Institute for Family Medicine and General
Practice, University of Bonn, Germany. We report about the quality of the vaccine cold chain
in general practices with temperature readings over a 7-day monitoring period. Details on the
quality of vaccine refrigerator management (e.g. temperature monitoring frequency, presence
of a thermometer, placement of temperature probe) based on visual inspections of the refriger-
ators studied have been reported elsewhere [18].

Ethical approval was obtained from the Ethic Commission of the Medical Faculty of the
University of Duisburg-Essen (14-6118-BO). Participants provided written informed consent.

Study population and recruitment procedure

The study was conducted in general practices affiliated with the University of Duisburg-Essen
(N = 185) as teaching practices. Practices (n = 17) involved in study pre-tests were excluded.
Recruitment followed a structured approach: Practices were contacted by phone and fax up to
three times or until they responded. To estimate participation bias, non-participants received a
short questionnaire by fax asking them to provide details on: 1) their reason for non-participa-
tion, 2) the number of refrigerators in practices including those in the recreation room, 3) the
use of a thermometer, and 4) whether the temperature is monitored twice daily.

Temperature monitoring

Temperatures were measured with a data logger (testo 175T), which has an accuracy of +0.4
°C within the operating range -5 °C to +10 °C (calibrated under a DIN EN ISO 9001:2008 cer-
tified quality assurance system). The device was equipped with a standard probe which mea-
sures the ambient air temperatures inside the refrigerator and the effects of door openings on
refrigerator temperatures. We used continuous measurements over seven days with a logging
interval of one reading per minute. Similar logging rates were used in prior studies [19-23].

In preparation for this study, we developed a protocol for the set-up of the data logger
which had been piloted in a sample of 17 general practices with 21 refrigerators. In line with
standards [11-13,24], the data logger was positioned in the centre of the refrigerator and
placed in a plastic bin (see Fig 1). During the recording, the display of the data logger was
turned off and access to its memory was locked.

Practice and physician characteristics

The following practice characteristics were obtained by questionnaire: type of practice (solo/
group), number of practice team members by professional groups, patients per quarter (case-
load), number of treatment rooms, thermometer in each vaccine refrigerator, vaccine spec-
trum offered, and selected services offered (tropical medicine and/or yellow fever, travel
medicine, adolescent preventive services, paediatric preventive services and/or adolescent
medicine), percentage of patients with statutory health insurance, and certified quality man-
agement. Data on the type of refrigerator used for vaccine storage were collected while setting
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Fig 1. Set-up of data logger in plastic bin.

https://doi.org/10.1371/journal.pone.0224972.9001

up the data logger (pharmaceutical-grade/household refrigerator; location and insulation of
ice compartment, if any).

Statistical analysis

Descriptive statistics were used to describe participating and non-participating practices for
practice and physician characteristics. For the non-participant analysis, the  test was used for
categorical data, and Student’s t-test was used for continuous data.

The temperature readings of the 7-day monitoring period (10,080 minutes) were analysed.
The first 120 minutes after each data logger set-up were excluded from analyses to allow the
probe to acclimatise to the temperature of the refrigerator.

The primary outcome was the prevalence of refrigerators with temperatures within the tar-
get range (2 °C to 8 °C) for seven days. Secondary outcomes included reaching different cut-
offs based on data on temperature sensitivity of the WHO [2], personal manufacturer informa-
tion (GlaxoSmithKline) and systematic reviews [14,25]: <2 “Cand >8 °C, >8 °C, <2 °C, <1
°C, <0 °C. In order to provide a better indication of unacceptable temperature exposure, we
calculated the cumulative and consecutive time (in hours) outside the target range and beyond
different cut-offs. Analyses were performed for each individual refrigerator and for the total
sample using mean, standard deviation (SD) and range.

A further secondary outcome addressed the refrigerators’ capacity to keep temperatures
within the target range. A temperature cycling range >5.0 °C was considered unacceptable.
Temperature ranges were analysed for each refrigerator, for the total sample and stratified by
household and pharmaceutical-grade refrigerators as well as by refrigerators considered
acceptable and unacceptable for vaccine storage. Acceptable refrigerators included pharma-
ceutical-grade, freezerless refrigerators and full-size dual-zone refrigerators/freezers with sepa-
rate exterior doors, while unacceptable refrigerators included any mini refrigerators and
refrigerators with an internal ice compartment [11-13].
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To estimate the relationship between practice characteristics and the two dependent vari-
ables ‘within temperature range (2-8 °C) versus outside target range’ and ‘reaching critically
low temperatures (0 °C) versus within target range’, we used hierarchical generalised linear
mixed models (GLMM) for binomial responses with random practice-specific intercepts (to
account for practices with more than one refrigerator). Independent characteristics were: type
of practice (solo/group), number of patients in practice (<1,750/ >1,750), percentage of
patients with statutory health insurance, yellow fever licence (yes/no), physician trainee in
practice (yes/no), certified quality management (yes/no), and the provision of paediatric pre-
ventive services and/or adolescent medicine (yes/no).

Statistical analyses were performed using IBM SPSS Statistics for Windows, version 24
(Armonk, NY: IBM Corp.) and R, version 3.5.1. Percentages and mean values are reported for
valid cases.

The trial is registered with the German Clinical Trials Register (DRKS00006561).

Results
Practice characteristics

Of the 168 practices contacted, 64 agreed to participate (response rate: 38.1%). The mean prac-
tice size was 2.1 general practitioners (+1.2) and 5.3 medical assistants (+£3.3); 59.4% (n = 38)
were group practices. 51.9% (n = 27) of the practices provided medical care to up to 1,750
patients per quarter (caseload). In total, 75 refrigerators were included in this study. 14.1%

(n =9) had more than one refrigerator for the storage of vaccines. See Table 1 for details.

73 of the 104 non-participating practices provided a reason for non-participation. The most
frequent reasons were (multiple responses): no time (37.0%, n = 27), no interest in topic/study
participation (35.6%, n = 26), no need (11.0%, n = 8), other (27, 23.3%, n = 17). The non-par-
ticipant analysis showed no differences regarding key practice characteristics, except that par-
ticipating practices were more likely to provide care to <1,750 patients per quarter (48.1%
versus 68.1%, p = 0.029). See S1 Table for details.

Refrigerators and temperature recordings

Of the 75 refrigerators included, 88.0% (n = 66) were household refrigerators and 12.0%

(n =9) were pharmaceutical-grade models (see Table 1 for details). In 24 of 75 included refrig-
erators (32.0%), temperatures were within the target range of 2 °C to 8 °C (see Fig 2). This cor-
responds to 74.8% of the total measurement time. The mean temperature was 5.3 °C (£2.9),
with readings ranging between -6.7 and +12.2 °C.

Based on their ability to maintain the target temperature range, refrigerators were catego-
rised into six exclusive groups (Table 2). Refrigerators that were within the target range but
had at least one temperature breach >8 °C (n = 28) had a mean temperature of 7.3 °C (+0.7)
and were outside the target range 25.3% of the time. Refrigerators within the target range that
had at least one temperature breach <2 °C (n = 17) had a mean temperature of 1.8 °C (£1.5)
and were outside the target range 45.5% of the time. Separate data on individual refrigerators
is presented in S2 Table.

Critically low temperatures <0 °C were recorded at least once in 14.7% (n = 11) of all refrig-
erators. This corresponds to 5.8% of the temperature recording time, i.e. the total time based
on all refrigerators (mean cumulative time: 74.1 hours £56.1). The longest consecutive time
<0 °C was 39.1 hours on average (£52.9: 0.6-168.0): one refrigerator was below zero at all
times (168 hours), for the other refrigerators the average cumulative time was 64.7 hours).
Temperatures <2 °C were recorded in 28.0% (n = 21) of refrigerators, corresponding to 12.4%
of the complete temperature recording time. These refrigerators had a mean of 31.6 episodes
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Table 1. Characteristics of participating practices (N = 64).

n %"
Practice type
Solo 26 40.6
Group 38 59.4
Staff
Mean no. of physicians in practice + SD [10]
Mean no. of medical assistants + SD [11] 5.3+
Number of treatment rooms [10]
<3 31 57.4
>3 23 42.6
Patients per practice per quarter (caseload) [12]
< 1,750 27 51.9
> 1,750 25 48.1
Percentage of patients with statutory health insurance [38]
< 85% 19 33.9
> 85% 37 66.1
Certified quality management [15] 14 28.6
Physician qualifications
Travel medicine [10] 12 22.2
Tropical medicine and/or yellow fever license [10] 7 13.0
Services offered [10]
Paediatric preventive services and/or adolescent medicine 22 40.7
Adolescent preventive services 44 81.5
Practice vaccine spectrum [10]
Mean no. of vaccines £SD 17.9+1.8
Tetanus 54 100.0
Diphtheria 54 100.0
Pertussis 54 100.0
Influenza 54 100.0
Pneumococcal disease 54 100.0
Hepatitis A 54 100.0
Measles 54 100.0
Poliomyelitis 53 98.1
Hepatitis B 53 98.1
Tick-borne encephalitis 53 98.1
Rubella 53 98.1
Mumps 53 98.1
Meningococcal disease 52 96.3
Typhus 50 92.6
Varicella 50 92.6
Rabies 46 85.2
Human papilloma 44 81.5
Haemophilus influenzae b 41 75.9
Cholera 26 48.1
Rotavirus 14 25.9
Refrigerator type (n = 75)
Pharmaceutical grade 9 12.0
Household model 66 88.0
Freezerless refrigerator 30 47.0
(Continued)
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Table 1. (Continued)

n %"
Refrigerator with internal ice compartment (one exterior door) 31 45.5
Refrigerator with internal non-insulated ice compartment (one exterior door) 2 3.0
Full-size dual-zone refrigerator/freezer (separate exterior doors) 2 3.0
Unclear 1 1.5
*valid percentages
[missing values]
https://doi.org/10.1371/journal.pone.0224972.t001
N
g 3
5 3
I -5‘0 I —‘:0 l -2‘0 I 0‘0 I 20 ‘ 4‘0 I EIO l 80 I 1(.:0 I ‘.ZIO
Temperature in °C
Fig 2. Temperature ranges per refrigerator (N = 75).
https://doi.org/10.1371/journal.pone.0224972.9002
Table 2. Refrigerators categorised according to their ability to maintain the target temperature range, i.e. 2 to 8 °C (N = 75).
No. of Target range Temperature
refrigerators
(n=75)
n % % inside % outside meanSD on min-max of all mean of all min-max of all
average means ranges ranges
Within target range but at least once >8 °C 28 37.3 74.7 25.3 7.3%0.7 5.1-8.8 3.5 1.3-6.0
Always within target range 24 32.0 100.0 0.0 5.240.5 3.3-6.6 24 0.7-5.1
Within target range but at least once <2 °C 17 22.7 54.5 45.5 1.8+1.5 -1.2-4.0 6.5 1.8-10.4
Always >8 °C 2 2.7 0.0 100.0 10.3+0.8 9.9-10.7 3.0 2.1-3.9
<2 °, in target range, >8 °C 3 4.0 64.4 35.6 5.0£2.0 2.0-7.5 8.8 7.9-10.6
Always <2 °C 1 1.3 0.0 100.0 -1.8+0.4 n/a 2.6 n/a

Mean and SD refer to row n

https://doi.org/10.1371/journal.pone.0224972.t1002
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(£36.3: 1-142) below <2 °C with an average duration of 18.7 hours (+41.0: 12 min to 168
hours). Further temperature cut-offs are presented in Table 3. On average, the target tempera-
ture range (8 "C) was exceeded for 48.6 hours (+51.4). This accounts for 12.7% of the total
study. See Table 3 for details.

Structural characteristics: Cycling range of refrigerators

In 29.3% (n = 22) of refrigerators, temperature cycling was >5 °C. Cycling ranges <3.0 °C
were recorded in 45.3% (n = 34), >3.0 to <4.0 °Cin 17.3% (n = 13), >4 °Cin 37.3% (n = 28)
and >6 *Cin 17.3% (n = 13). Of the 22 refrigerators with cycling ranges >5 °C, only one
refrigerator maintained the cold chain. In comparison, in refrigerators with cycling ranges
<5 °C, 43.4% (n = 23) maintained the cold chain and 56.6% (n = 30) had cold chain breaches.
Refrigerators varied with regard to the range of temperature cycling during the day and over
the course of the 7-day monitoring period. Fig 3 shows typical temperature curves encoun-
tered. The overall mean temperature range was 4.0 °C (£2.5), with readings ranging between
0.7 to 10.6 °C.

The mean temperature in pharmaceutical refrigerators (n = 9) was 5.3 °C (£1.1: 4.3 to
7.9 °C) with a mean temperature range of 3.1 (+1.5: 0.7 to 5.9 °C). In comparison, the mean
temperature in household refrigerators (n = 66) was 5.3 °C (+2.8: -1.8 to 10.7 °C) with a mean
temperature range of 4.1 (+2.6: 1.0 to 10.6 “C).

Associations between temperature outcomes and practice characteristics

Analysis using the GLMM showed no significant associations between both dependent vari-
ables (within temperature range, critically low temperature) and the independent variables
considered.

Discussion

Of the 75 refrigerators analysed, only 32% maintained the vaccine cold chain. However, 68%
were beyond the target range and 15% reached a critically low temperature of 0 °C. We found
that continuous freezing temperature exposure lasted longer than one day on average (39
hours) with a longest episode of seven days recorded. These data suggest that freeze damage
likely occurred.

In line with the systematic review of freezing temperatures by Hanson [14] to assess
whether freezing remains an ongoing issue, we cannot answer the question regarding the
number of vaccines that were actually damaged or had reduced immunogenicity. Nevertheless,
there is a link between disease outbreak and temperature excursions below the freezing thresh-
old for hepatitis B [26] and pertussis [4]. In our practice sample, more than 98% store hepatitis
B vaccines. Thus, until thermostable vaccines are available or freeze-free technologies are used
across all practices, freeze prevention requires close attention.

To ensure the cold chain, two components need to be fulfilled: 1) structural component
with a cycling range below 5 °C and 2) continuous refrigerator management targeting for a
mean temperature of +5 °C. In 29% of refrigerators, cycling ranges exceeded the cut-off of 5
°C and thus constituted a major barrier for successful cold-chain maintenance. Interestingly,
even in refrigerators with narrower temperature ranges, about 60% failed to maintain the cold
chain, indicating procedural deficits.

In line with prior studies, our observations in the practices during the study conduct shed
an interesting light on key influencing factors. Practices did not have adequate temperature
monitoring rigor (i. e., a suitable thermometer, monitoring at least twice daily), which is a sig-
nificant predictor of noticing critical temperatures [18,25]. Overall, knowledge and problem
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Table 3. Overview of temperature recordings based on different cut-offs (N = 75).

Cut-offs No. of Cumulative time No. of episodes Duration of episodes Longest consecutive time
refrigerators (in hours) (in hours) (in hours)
(n=75)"
n % /| mean+SD on study total” % of study mean+SD on min-max of mean=SD on min-max of mean+SD on min-max of
average total” average all means average all means average all means
Above target range
>8 °C | 33 ‘ 44.0 48.6+51.4 1,605.4 12.7 39.5+42.3 1-145 11.3+40.4 0.1-168.0 17.7+41.9 0.1-168.0
Below target range
<2°C 21| 28.0 74.5+52.3 1,565.5 12.4 31.6+36.3 1-142 18.7+41.0 0.2-168.0 34.1+£50.9 0.3-168.0
<1°C 17| 227 57.7+58.8 981.7 7.8 16.6£17.9 1-55 19.5+42.9 0.1-168.0 27.2+46.7 0.1-168.0
<0°C 11| 147 74.1+56.1 815.1 6.5 14.7£15.8 1-45 28.8+51.4 0.4-168.0 39.1+£52.9 0.6-168.0
<-0.5°C 11| 147 74.1+55.4 729.8 5.8 12.2+13.2 1-45 27.8+50.8 0.2-166.1 36.4+52.9 0.3-166.1
<-3.0°C 3 4.0 33.5+28.6 100.4 0.8 20.7+21.4 2-44 1.5+1.4 0.3-3.0 4.8+5.6 0.5-11.1

All values refer to row n

TOf the 51 refrigerators with temperatures beyond the target range, n = 3 had temperatures below and above the target range. For this reason, numbers do not add up to 100%.

*Refers to the percentage of the study total time based on 75*168h.

https://doi.org/10.1371/journal.pone.0224972.t003
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Fig 3. Examples of temperature recordings in three different refrigerators. All data were recorded at 1-minute intervals over 7 days. The graphs
illustrate common problems regarding temperature cycling range and mean temperature: A: an adequate cycling range of 3°C with a too-high mean
temperature at approx. 7°C; B: a cycling range of 5.5°C with a too-low mean temperature at approx. 3.5°C; C: a too-high cycling range of 10°C and a
too-low mean temperature at approx. 2°C.

https://doi.org/10.1371/journal.pone.0224972.9003

awareness deficits prevailed, which is known from other countries [19-21,27]. For instance,
physicians and medical assistants expressed astonishment with regard to the encountered tem-
perature ranges when shown the temperature curves of their refrigerators. With the exception
of door opening times, most participants expected rather stable temperatures, as they were
unaware of the construction-based cycling of refrigerators. In practices affected by freezing
temperature exposure, we even encountered disbelief (‘your thermometer is broken’). There
was a general belief that freezing temperatures would be noticed in the form of frozen vaccines.
Frequently, constant fluctuations between freezing and thawing were never considered before.
Misshapen cardboard packaging due to thawing ice (two practices) and thick ice walls (one
practice) went unnoticed (for details see Thielmann et al.) [18].

Limitation

All participating practices are members of a teaching practice network. A potential selection
bias can be excluded as we showed in a prior study that the practice sample is representative
for general practices in Germany [28]. In order to assess participation bias, we conducted a
thorough non-responder analysis. For financial reasons, we used a standard air probe to mea-
sure temperature. In contrast to that, a slow-reacting glycol probe resembles the temperature
changes of the vaccine vials. Given the accuracy, all measured temperature values are within
+0.4 °C of the true value.

Conclusion

The prevalence of refrigerators with cold chain breaches and critically low temperatures is
high, which emphasises the need for an intervention aimed at adequate vaccine storage. Risk
communication should address the dangers associated with too cold temperatures and
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refrigerators’ temperature cycling issues. Furthermore, greater attention needs to be paid to
structural and procedural best practices in vaccine storage that are used as a safeguard against
temperature excursions.

Supporting information

S1 Table. Characteristics of participating practices (N = 64).
(DOCX)

$2 Table. Temperature recordings per refrigerator (N = 75).
(DOCX)
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Abstract

Introduction

Adequate vaccine storage is a prerequisite to assure vaccine effectiveness and tolerability.

In this context, maintaining the cold chain (2°C to 8°C) is the paramount objective. To estab-
lish quality-ensured cold chain maintenance, compliance with several structural and proce-

dural aspects is necessary.

Main objective

The aim of this publication is to assess the quality of vaccine refrigerator management in
general practices.

Methods

This study describes baseline results of an intervention study. To evaluate the quality of vac-
cine refrigerator management, visual inspections were conducted of refrigerators used to
store vaccines in general practices of a German teaching practice network. The study instru-
ment was a checklist with ten quality criteria based on international best practices for vac-
cine storage. A data logger recorded refrigerator temperatures for 7 days. We analyzed
associations between reaching more than half (6+) of the ten quality criteria and tempera-
ture data.

Results

The study included 64 of 168 practices (38.1% response rate) with 75 refrigerators. No prac-
tice fulfilled all 10 quality criteria. On average, 4.7 (standard deviation = 1.9) criteria were
met. The most frequent deficits were: no drawers/bins/baskets for vaccines (81.3%), no
temperature logbook near refrigerator (75.0%), no temperature recording device in the cen-
ter of the refrigerator (54.0%), vaccines boxes with contact to outer walls (46.3%), and refrig-
erator unsuitable for vaccine storage (44.6%). Refrigerators with better management (>6
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quality criteria) were more likely to have temperatures in the target range (62.5% vs. 27.5%,
p = 0.008).

Conclusion

We identified a large number of avoidable vaccine storage errors. Effective strategies, e.g.
web-based programs, to improve vaccine storage conditions in general practices are
needed.

Introduction

Adequate vaccine storage is a prerequisite to assure the effectiveness and tolerability of vac-
cines [1,2]. Maintaining a continuous cold chain between +2 and +8°C is of utmost impor-
tance as the thermostability of vaccines varies considerably [1]. Freeze exposure is especially
dangerous to adsorbed vaccines (e.g. hepatitis A, hepatitis B, tetanus, diphtheria, pertussis,
pneumococcal disease), as the aluminum-containing adsorbents form irreversible precipitates
which decrease vaccine potency and may induce local irritation upon injection [1,2]. Adsorbed
hepatitis B vaccines are considered the most sensitive vaccines, with a freezing threshold of
-0.5°C [1]. Also, heat exposure has a negative cumulative effect on vaccine potency [1]. For
instance, pertussis vaccine is stable for 2 weeks at 20-25°C, for one week at 37°C, and loses
10% or more per day at >45°C [1]. Overall, the World Health Organization (WHO) considers
protecting vaccines from freeze damage “one of the most poorly addressed problems in vac-
cine management” that requires attention in order to not jeopardize disease-prevention goals
[3].

A recent systematic review focusing on freezing temperatures showed that vaccine exposure
to freezing temperatures is an ongoing issue even in wealthier countries [4] where detailed rec-
ommendations and guidelines exist [5-10]. Best practices to store vaccines at recommended
temperatures require compliance with a number of structural and procedural aspects, ranging
from refrigerator and thermometer equipment, temperature monitoring, storage procedures
to the assignment of responsibilities [5,6,8-10]. In Germany, refrigerator management for lab-
oratories and pharmacies is subject to quality management regulations [11], yet this is not the
case for the primary care sector, where the majority of patients are vaccinated. Primary care is
provided in privately owned general and pediatric practices who serve patients insured by stat-
utory and private health insurance funds.

Many studies assessing vaccine storage practices rely on checklists, which are used as a self-
administered tool or by third-party visual inspections combined with interviews [7,12-21].
These checklists are less prone to bias and are now considered standard procedures in quality
management. The most frequently reported deficits from these studies were a lack of any type
of thermometer (6.9% to 91.9%) [7,13-17,19], lack of a temperature logbook (26% to 94%)
[13,15,19], lack of at least daily monitoring and recording (7.9% to 90.5%) [13,18], lack of regu-
lar thermometer checks (80%) [13,14], storing vaccines in door shelves (20.3% to 72.7%)
[7,14,19], and storing items other than vaccines (3.6% to 96.3%) [7,12-15]. In 2014, an online-
based survey among a random sample of German primary care physicians identified several
vaccine storage deficits [22]. In response to the deficits, the Keep Cool study was initiated with
the aim of ensuring good vaccine storage conditions. The Keep Cool intervention study con-
sisted of three parts: after a baseline temperature survey of seven days (part one), general prac-
tices with temperature deficits were offered access to an online learning program (part two)
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[23] and were followed up seven weeks later [24]. This publication describes the baseline data
of the Keep Cool study focusing on the quality of vaccine refrigerator management assessed in
checklist-based direct observations of refrigerators.

Material and methods
Study design

The Keep Cool study is a prospective intervention study with two temperature measurement
periods addressing vaccine cold chain management in primary care practices in Germany. The
study protocol has been previously published [24]. The main objective is to improve vaccine
storage conditions in German primary care practices. The primary outcome is the number of
refrigerators with temperatures within the target range (2°C to 8°C) for seven days [23]. This
manuscript presents the results for one of the secondary outcomes, namely the quality of vac-
cine refrigerator management as assessed by direct visual observations using a checklist. The
primary outcome was the quality of vaccine refrigerator management based on reaching ten
defined quality criteria. Ethical approval was obtained from the Ethic Commission of the Med-
ical Faculty of the University of Duisburg-Essen (14-6118-BO). Participants provided written
informed consent.

Study population and recruitment procedure

The study invited all general practices of the teaching practice network associated with the
University of Duisburg-Essen, Germany (N = 185). Practices (n = 17) involved in the study
pre-tests (see 2.3.) were excluded, yielding a study population of 168 practices. Practices were
recruited via email, fax and telephone. Practices not interested in participation received a short
questionnaire via fax to allow for a non-participant analysis. Recruitment took place between
January 2018 and August 2018.

Development of the study instrument

As detailed guidelines or recommendations on vaccine storage are lacking in Germany, we
reviewed recommendations and guidelines of comparable Western nations (United Kingdom,
Australia, the United States Scotland, and Canada) to derive best practices for our setting
[5,6,8-10]. Various structural and procedural aspects were identified and categorized into five
core issues: 1) refrigerator, 2) temperature, 3) storage, 4) monitoring, and 5) responsibilities.
For each core issue, quality criteria were derived from the literature. Individual aspects within
these core issues that were included in several guidelines or relevant for the German setting
were considered best practice. The criteria were subsequently used to develop a 10-item check-
list which was compared and refined using checklists from eleven previous studies [7,12-19].
Items which were considered irrelevant for the German setting, e.g. storage in cool boxes, were
not included. Because the checklists were embedded in the Keep Cool intervention study,
items (e.g., designated responsibilities, frequency of resetting minimum-maximum thermome-
ters, age of refrigerator) requiring enquiry beyond a visual inspection of the refrigerator were
omitted to prevent an intervention bias. The instrument was finalized after a critical review by
two general practice academics as regarded their relevance for the German primary care set-
ting. In a pre-test with 21 refrigerators from 17 general practices of the network, we evaluated
the feasibility of the study instrument and the practice visits. Data were collected by one of the
research team members. Pre-testing lasted until data saturation occurred, i.e. no new aspects
with regard to vaccine storage appeared. Answer keys were refined on the basis of the results
of each pre-test. The final checklist consisted of 10 items and allowed for the recording of
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further observations (see Tables 1 and S1 for the original German version and S2 Table for the
English translation). Based on scoring on the checklist items, a sum score was computed. We
defined “good refrigerator management” as scoring positive on all 10 of 10 items.

Data collection

Practice visits for data collection were conducted by the same researcher who had been
involved in the pre-tests. The checklist was completed by means of a visual inspection while
setting up data loggers to monitor the temperature for seven consecutive days. The checklist
was completed immediately after each practice visit to prevent recall and intervention bias.

Temperatures were measured with a data logger (testo 175T, accuracy of £0.4°C). We used
continuous measurements over seven days at a logging interval of one reading every minute.
According to standards [6,8,25,26], the data logger was positioned in the center of the refriger-
ator and placed in a plastic bin. The display was turned off and access to its memory was
locked.

Data from the university teaching practice database were used to analyze associations
between vaccine storage criteria and practice characteristics: type of practice (solo/group),
number of practice team members differentiated by professional groups, practice size/caseload
(patients per quarter), certified quality management, number of treatment rooms, thermome-
ter in each vaccine refrigerator, vaccine spectrum offered, selected services offered (tropical
medicine and/or yellow fever, travel medicine, adolescent preventive services, pediatric pre-
ventive services and/or adolescent medicine), and percentage of patients with statutory health
insurance.

Statistical analysis

To compare practices that participated in the study with those that did not (non-participants)
for practice and physician characteristics, the 3 test for categorical data and Student’s t-test
for continuous data were used. Descriptive statistics were performed on an item level for all
checklist items, including the quality criteria, and for the sum of quality criteria met. The latter
was described for a) the total sample, b) refrigerators that continuously maintained the cold
chain (2°C to 8°C), and c) refrigerators that reached critically low temperatures (<0°C). For
temperature data, readings of the 7-day monitoring period (10,080 minutes) were analyzed.
The first 120 minutes after setting up each data logger were excluded from the analyses to
allow the probe to acclimatize to the temperature of the refrigerator.

To analyze the association between practice characteristics and vaccine storage conditions,
we used hierarchical generalized linear mixed models (GLMM) for binomial responses with
random, practice-specific intercepts (to account for practices with more than one refrigerator).
The sum score was dichotomized based on reaching more than half (6+) of the quality criteria.
Independent characteristics were: type of practice (solo/group), number of patients in practice
(<1,750/ >1,750), percentage of patients with statutory health insurance, yellow fever license
(yes/no), certified quality management (yes/no), and the provision of pediatric preventive ser-
vices and/or adolescent medicine (yes/no).

Statistical analyses were performed using IBM SPSS Statistics for Windows, version 24
(Armonk, NY: IBM Corp.) and R, version 3.5.2. Percentages and mean values are reported for
valid cases. Statistical significance was assigned at a level of p<0.05.

The trial is registered with the German Clinical Trials Register (DRKS00006561).
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Table 1. Quality indicator good refrigerator management’ (10 items).

Item Description Governmental source
Refrigerator 1. Type of refrigerator suitable for vaccine storage [6,8,10,25,26]
Temperature 2. Thermometer allows for digital minimum-maximum recording [5,6,9,10]

3. Temperature probe/thermometer in center of refrigerator [6,8-10]
Monitoring 4. Temperature logbook visible near refrigerator [5,6,8-10]
Storage 5. No vaccines stored on door shelves [6,8-10]

6. No food and no biomaterial stored [5,6,8-10]

7. All vaccines kept in original cardboard wrapping [5,6,8-10]

8. All vaccine boxes without contact to outer walls [5,6,8-10]

9. All vaccines in bins/baskets/separated shelves [6,8,10]

10. No overstocking (i.e., enough space between boxes) [5,6,8-10]

https://doi.org/10.1371/journal.pone.0225764.t001

Results
Practice characteristics

Of the 168 practices invited, 64 agreed to participate (response rate: 38.1%). The non-partici-
pant analysis did not show differences regarding key characteristics, except that participants
less frequently provided care to >1,750 patients per quarter (48.1% versus 68.1%, p = 0.029).
See S3 Table for details.

Table 2 lists characteristics of participating practices. In total, 75 refrigerators were included
in this study. 14.1% (n = 9) of the practices had more than one refrigerator for storing vaccines
(eight practices had two refrigerators, one practice four refrigerators).

Description of refrigerator management

No practice had ‘good refrigerator management’, defined as meeting all ten quality criteria
(see Fig 1). On average, refrigerators met 4.7 (SD = 1.9) criteria. See Fig 2 and Table 3 for an
overview of the individual criteria. Refrigerators that continuously maintained the cold chain
(n =24) met 5.6 (SD = 2.3) items on average, and refrigerators with temperatures <0°C
(n=11) met 4.2 (SD = 1.4) items. Of all refrigerators that continuously maintained the cold
chain, 62.5% (n = 15) met at least six of the quality criteria, compared to 27.5% (n = 14) of
refrigerators with temperatures outside the cold chain (p = 0.008). At least six criteria were
reached by 11.1% (n = 2) of refrigerators with temperatures <2°C and 18.2% (n = 2) of refrig-
erators that reached temperatures <0°C, respectively.

Type of refrigerator used

Nine practices had purpose-built refrigerators for pharmaceuticals (12%), while the remaining
used household refrigerators (n = 66; 88.0%) (Table 3). Of the household refrigerators, 50.8%
(n =33, n = 1 missing) were unsuitable for vaccine storage: 93.9% (n = 31) had an internal ice
compartment with a less insulated separate door beyond the main exterior door, and two
refrigerators had a non-insulated ice compartment without an extra door (6.1%).

Type of thermometer used

Any type of functioning thermometer was absent in 26.7% (n = 20) of the refrigerators (see
Table 3 for an overview of the thermometers used). Three thermometers were defective
according to physicians or practice assistants, and one was placed next to the refrigerator. A
thermometer that allowed for digital minimum-maximum recording or better was lacking in
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Table 2. Characteristics of participating practices (N = 64).

n %"
Practice type, group 38 59.4
Mean no. of physicians in practice + SD (10)
Mean no. of medical assistants + SD (11) 5.3+
Number of treatment rooms, < 3 (10) 31 57.4
Patients per practice per quarter (caseload), < 1,750 (12) 27 51.9
Percentage of patients with statutory health insurance, > 85% (8) 37 66.1
Certified quality management (15) 14 28.6
Physician qualifications (at least 1 physician in practice):
Travel medicine (10) 12 22.2
Tropical medicine and/or yellow fever license (10) 7 13.0
Services offered (10)
Pediatric preventive services and/or adolescent medicine 22 40.7
Adolescent preventive services 44 81.5
Practice vaccine spectrum (10)
Mean no. of vaccines +SD 17.9+1.8
Tetanus 54 100.0
Diphtheria 54 100.0
Pertussis 54 100.0
Influenza 54 100.0
Pneumococcal disease 54 100.0
Hepatitis A 54 100.0
Measles 54 100.0
Poliomyelitis 53 98.1
Hepatitis B 53 98.1
Tick-borne encephalitis 53 98.1
Rubella 53 98.1
Mumps 53 98.1
Meningococcal disease 52 96.3
Typhus 50 92.6
Varicella 50 92.6
Rabies 46 85.2
Human papilloma 44 81.5
Haemophilus influenzae B 41 75.9
Cholera 26 48.1
Rotavirus 14 25.9

*valid percentages
(missing values)

SD = standard deviation

https://doi.org/10.1371/journal.pone.0225764.t1002

36.5% (n = 19) of refrigerators. Two refrigerators were equipped with two thermometers each.

Three thermometers allowed remote control and one was a data logger.

Storage of food and biomaterial

Food or biomaterial was stored in 20.3% (n = 14) of the refrigerators alongside vaccines
(Table 3). Of these, food was stored in 71.4% (n = 10), most frequently water, soft drinks, milk
and bread spreads (meat and cheese). We also found sparkling wine, fresh cherries and
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25%

20% 187
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Quality criteria met (total=10)

Fig 1. Frequencies for meeting the 10 quality criteria for ’good refrigerator management’ (N = 75).

https://doi.org/10.1371/journal.pone.0225764.9001

yoghurt. One practice used half of the refrigerator’s volume for the storage of foodstuffs (inside
plastic tubs without lids). Drinks were usually stored in the door.

Placement of temperature probe/thermometer

In 54.0% (n = 27, 25 missings) of refrigerators a temperature probe/thermometer was not inte-
grated or not placed in the center: 40.4% (n = 21) of the probes/thermometers had contact
with external walls, 52.4% (n = 11) of these with the back wall. In six pharmaceutical-grade
refrigerators, the probe was permanently installed. In one refrigerator, the thermometer was in
the door shelf below the plastic container for eggs.

Storage in original cardboard wrapping

In 31.1% (n = 23) of the refrigerators, not all vaccines were stored in their original cardboard
wrapping (Table 3). Vaccines were systematically unpacked in ten refrigerators; most of the
time this concerned the same types of vaccines (e.g. influenza). In six practices, vaccines were
removed from their cardboard wrapping and stored in their plastic container.

Not all vaccines in drawers/bins/baskets (0) 813
No temperature logbook visible near refrigerator (1) 75.0
No probe/th in center of 25) 540

Vaccine boxes with contact to outer walls (8)
Refrigerator unsuitable (1)

Fig 2. Frequencies for the 10 quality criteria for ’good refrigerator management’ (N = 75). (missing values).

https://doi.org/10.1371/journal.pone.0225764.9002

itable for digital mini imum recording (23)
Vaccines on door shelves (17)
Overstocking (i. ., not enough space between boxes) (3)
Not all vaccines in original card board wrapping (1)
Food and/or biomaterial stored (6)

Good refrigerator management (10/10) 0.0

0%

463
446

319
311
203

20% 40% 60% 80% 100%
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Table 3. Visual inspection of refrigerators used for vaccine storage based on (N = 75).

n %
Type of refrigerator
Pharmaceutical grade* 9 12.0
Household refrigerator 66 88.0
Freezerless refrigerator* 30 45.5
Full-size dual-zone refrigerator/ freezer (separate exterior doors)* 2 3.0
Refrigerator with internal ice compartment 31 47.0
Refrigerator with internal non-insulated ice compartment 2 3.0
Household refrigerator, details unclear 1 1.5
Functioning thermometer
None 20 26.7
1 functioning thermometer 53 70.7
2 functioning thermometers 2 2.7
Type of functioning thermometer (n = 57)
Digital: Minimum-maximum-+ 23 40.4
Digital: Minimum-maximum remote+ 3 5.3
Digital: Data logger cloud-based+ 1 1.8
Digital: Integrated because pharmaceutical grade+ 6 10.5
Digital: Digital thermometer, details unclear 4 7.0
Non-digital: Minimum-maximum 5 8.8
Non-digital: Plain thermometer without minimum-maximum function 15 26.3
Placement of temperature probe/thermometer (n = 57) (5)
Close to outer walls 21 40.4
Center of refrigerator 17 32.7
In door shelves 8 15.4
Integrated (purpose-built refrigerator) 6 11.5
Vaccines are stored in refrigerator door shelves (17) 20 34.5
Vaccine boxes are with contact to outer walls (8) 31 46.3
Vaccines NOT kept in original cardboard wrapping (1) 23 31.1
Systematically unpacked 10 43.5
Sporadically unpacked 13 56.5
Bins/baskets/separated shelves NOT used for all vaccines 61 81.3
Food and/or biomaterial stored (8) 14 20.3
Food stored (1) 10 71.4
Biomaterial stored (8) 4 28.6
Temperature logbook NOT visible in vicinity of refrigerator (11) 48 75.0
No. of entries in logbook (62)
Not daily 53.8
1x/day 46.2
2x/day 0.0
(missing values)
*suitable for vaccine storage according to NIST [25,26] and CDC [8].
+suitable for vaccine storage according to [5,6,9,10].
https://doi.org/10.1371/journal.pone.0225764.t003
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Temperature logbook near refrigerator

In 75.0% (n = 48) of cases, no temperature logbook was found near the refrigerator. No prac-
tice recorded the temperature twice daily; see Table 3 for details. Temperature logbooks varied
in quality, with most of them indicating only the current temperature.

Stocking of vaccines (overstocking, storage in door shelves, use of bins/
baskets/separate shelves, contact of vaccine boxes with outer walls)

In 31.9% (n = 23) of cases, refrigerators were overstocked, i.e., not enough space was left
between boxes or vaccines were removed from their cardboard wrapping to save space. In
34.5% (n = 20) of refrigerators, vaccines were stored in door shelves, in one practice even
below the plastic container for eggs. One practice kept all vaccines in the door shelves, ‘reserv-
ing the main body for other things’. In 81.3% (n = 61) of refrigerators, bins/baskets or separate
shelves were not used for all vaccines. Of these, 4.9% (n = 3) used containers only for some
types of vaccines, and 11.5% (n = 7) only for all unwrapped vaccines. In 46.3% (n = 31) of
refrigerators, vaccine cardboard boxes had contact with outer walls.

Associations between quality criteria and practice characteristics

An analysis using GLMM showed no significant associations between scoring positive on at
least half (6 out of 10) of the quality criteria and the independent variables considered (54
Table).

Discussion

Of the 75 refrigerators analyzed, none met all ten quality criteria for ‘good refrigerator man-
agement’. The items with the highest potential for improvement in at least 45% to 81% of
refrigerators were using bins, baskets or other means to organize all vaccines, keeping a tem-
perature logbook visible near the refrigerator, measuring temperatures in the center of the
refrigerator, preventing contact of vaccine boxes with outer walls, and using refrigerator types
suitable for vaccine storage.

Overall, the amount of avoidable vaccine management errors is remarkable. The types of
errors are rather diverse ranging from structural aspects concerning equipment to procedural
aspects such as unwrapping and overstocking vaccines. When the sum of additional observa-
tions (see S5 Table) is further taken into account, refrigerator management can be described as
markedly heterogeneous between practices with an enormous need for improvement. A posi-
tive association between reaching more than six quality criteria and temperatures in the target
range was identified. However, we did not identify associations between reaching more than
six quality criteria and any practice characteristics. Interestingly, also physicians’ qualification
for tropical medicine and/or yellow fever (special license required) was not associated with bet-
ter quality.

When interpreting the results it must be noted that previous studies indicate that quality in
vaccine storage is not constant but subject to fluctuations [13,27]. For instance, some of the
deficits, e.g. unwrapping of vaccines or contact with outer wall, might be greater during the
influenza season when practices store larger quantities of vaccines. The influenza season was
not a factor in our study, which was conducted in spring and summer.

Comparing our data with other studies is difficult due to the heterogeneity of quality indica-
tors and setting-specific characteristics (e.g., storage of frozen vaccines, which are used in our
setting). We collected data on the use of tools to organize vaccines, the most frequently
encountered deficit. Other studies focused more on organizational methods such as organizing

PLOS ONE | https://doi.org/10.1371/journal.pone.0225764 December 3, 2019 9/13


https://doi.org/10.1371/journal.pone.0225764

@ PLOS|ONE

Visual inspection of vaccine storage conditions in general practices

by type of vaccines [15] and expiration dates [7,12,13,16], and less on tools that facilitate these
methods. The identified absence of a temperature logbook is within the range of previous stud-
ies (26% to 94%; our study: 75.0%) [13,15,19]. However, actual numbers might be higher con-
sidering that our observations focused only on visible logbooks. Regarding the location of
temperature-monitoring devices, a study in the US reported that 86.0% positioned their tem-
perature-monitoring device not in the center but rather at the front of the refrigerator (51.2%)
[28]. Actual contact of vaccine boxes with outer walls was not mentioned elsewhere. Regarding
the type of refrigerator, ‘full-size dual-zone refrigerator/freezers (separate exterior doors)’ were
used by 3% in our sample, compared to at least 44.4% of US physicians [16,28]. Pharmaceuti-
cal-grade refrigerators were used by 3.9% to 13.3% of Australian and US general practices,
compared to 12.0% in our sample [28,29]. Smaller refrigerator/freezer units were used by
15.6% to 51.2% of US and Australian practices (53% in our study) [16,28,29], 36% of which
lacked a separately sealed freezer compartment (5.7% in our study) [16]. In Italy, of 39 vaccina-
tion offices in 1999, 24% did not have any refrigerator and relied on neighboring facilities;
three of seven practices selected for the monitoring used pharmaceutical-grade refrigerators
[17]. The absence of any type of thermometer was reported in 6.9% to 91.9% of refrigerators
[7,13-16,18,19,21]. In a study among US physicians, 37.8% also had a backup thermometer
(2.7% in our study) [28]. Whether the thermometer was suitable for recording the digital mini-
mum-maximum was considered in only one study (0% compared to 36.5% in our study) [14].
We know from other studies with self-administered questionnaires that unspecified mini-
mum-maximum thermometers are lacking in 18.2% to 100% of refrigerators [17,20]. Storage
of vaccines in door shelves was reported in 20.3% to 52.6% as compared to 34.5% in our study
[7,13,19].

Overstocking as a cause of most vaccine storage errors

Many of the vaccine storage errors identified in our study trace back to a mismatch between
the storage capacity available in each practice refrigerator and the volume occupied by each
vaccine (and diluent), including its cardboard wrapping. Practices that overstock engage in
unacceptable procedures. Examples include 1) systematically storing vaccines without their
insulating cardboard wrapping to save space, 2) using door shelves for storage, 3) allowing
contact with external walls, 4) not using baskets/bins for the sake of organization (also regard-
ing the opportunity to organize vaccines by their expiration date), 5) placing vaccines in refrig-
erators intended for the food of the practice team, and 6) failing to permanently install the
probe/thermometer in the center of the refrigerator. The aspect of overstocking and its many
consequences are discussed in guidelines, but have not been studied elsewhere. Practical advice
includes a) improving the planning by reconciling the number of vaccinations administered,
e.g. in a month, with according vaccine orders, b) reducing the number of vaccines stored at
any given time by making use of pharmacy deliveries more frequently, c) investing in a larger
refrigerator, d) refraining from food storage, and e) installing regular monitoring as well as f)
supervisory checks.

Strengths and limitations

The strength of this study lies in having obtained data by standardized, objective observations
as opposed to self-reported methods. There are also several limitations. We designed the
checklist as a measurement tool for an intervention study. To prevent bias, items that required
direct questioning or closer inspection were excluded (e.g., responsibilities, frequency/proce-
dure of resetting minimum-maximum thermometers, temperature logbooks not immediately
visible). Collecting data by observation could have induced a measurement bias. First, the
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amount of items and the chaotic storage in the refrigerators and, based on that, the time
needed to set up the monitoring device were the defining factors for the time that doors were
left open. Most notes to complete the checklist had to be made within 3 to 20 seconds. There-
fore, we allowed for the completion of missing items during the second practice visit after
seven days when refrigerators were accessed again to download the data from the temperature
loggers. Second, observations might be different at other times of the year [13,27]. Regarding
the dependent variable, we selected meeting more than half of the ten quality criteria as the pri-
mary outcome, even though we consider meeting all criteria as important and assign an equal
significance to the individual criteria. However, no practice met all ten criteria and the total
number of refrigerators that met seven criteria or more was low. Participating practices are
part of a teaching practice network. A potential selection bias can be excluded as we showed in
a prior study that the practice sample in Essen is representative for general practices in Ger-
many [30]. In order to assess participation bias, we conducted thorough non-responder
analyses.

Conclusion

Our results show that current storage conditions are a threat to the effectiveness of immuniza-
tions, our most effective public health strategy against contagious diseases. Efforts to guarantee
quality-ensured cold chain management on a regulatory, educational and practice level are
urgently needed. On a regulatory level, more detailed recommendations/guidelines/quality
management regulations for primary care practices are needed, addressing e.g. acceptable
types of refrigerators and thermometers. On an educational level, physicians and medical assis-
tants need to be made aware of the relevance and procedures of adequate vaccine storage dur-
ing their training. To assure widespread implementation of recommendations, an online-
based learning program is currently being tested.
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Background: Adequate vaccine storage is a prerequisite for assuring effective vaccinations yet storage
conditions in practices are frequently inadequate. The online learning program Keep Cool aims at improv-
ing knowledge on international best practices. This study evaluates the program’s learning effectiveness
focusing on key indicators for knowledge on vaccine storage, such as temperature target range (2 to 8 °C)
and documentation requirements.

Methods: Participants were recruited from within a university teaching practice network. Knowledge was
measured with an online-based questionnaire (11 correct items = optimal vaccine storage knowledge)

5‘;{3‘:}?& which was completed before and after the online program.

Cold-chain Results: 60 physicians and practice assistants from 25 practices participated. The mean knowledge score
Storage was 5.6 correct answers (standard deviation [SD] 1.9), which increased to 9.8 (SD 1.2) after program par-
Knowledge ticipation (p < 0.001). The item with the highest net change addressed the need for twice-daily documen-
Quality tation of temperatures (+76.7%). Knowledge of the lower and upper temperature targets improved from

General practice 58% respectively 63% to 100% each. Optimal vaccine storage knowledge after participation (38% of partic-
ipants) was associated neither with age, gender, occupational group nor practice type.
Conclusion: The new online education program showed a high learning effectiveness regarding key indi-
cators for the quality of vaccine storage management.

Clinical Trial Registry Number: DRKS00006561.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Background

Immunizations are among the most effective and cost-effective
public health strategies worldwide [1]. However, their effective-
ness and tolerability depend on adequate vaccine storage: main-
taining the vaccines’ cold chain within recommended
temperature ranges (in Germany 2-8 °C) is the paramount objec-
tive [2,3]. Cold-chain breaches are an ongoing issue [4], and the
World Health Organization considers protecting vaccines from
freeze damage as ‘one of the most poorly addressed problems in
vaccine management’ [5]. In the past, disease outbreaks were likely
linked to inadequate storage conditions [6-10].

In our previous physician questionnaire survey, indicators
showed deficits in vaccine management in German primary care
practices. This also included vaccine storage deficits. For instance,

* Corresponding author at: Institute of General Practice and Family Medicine,
University of Bonn, Venusberg-Campus 1, 53127 Bonn, Germany.
E-mail address: Anika.Thielmann@ukbonn.de (A. Thielmann).

https://doi.org/10.1016/j.vaccine.2020.09.049
0264-410X/© 2020 The Authors. Published by Elsevier Ltd.

only 51% reported monitoring and documenting temperatures
twice daily, and 16% described cold-chain breaches as an error or
near error [11,12]. Aiming to improve vaccine storage, several
studies have addressed knowledge deficits [13-22]. Regarding
the most important aspect, i.e. knowledge of the correct tempera-
ture range (2-8 °C), correct responses ranged from 10% to 73%
among practice personnel [15,16,18-20,22]. Also, knowledge defi-
cits on vaccines’ thermo-sensitivity were identified [15,16,19,20].

In a study of 75 refrigerators in German primary care practices,
we showed that 68% (n = 51) had cold-chain breaches [23]. As data
on vaccine storage knowledge among German practice personnel is
missing and guidance related to vaccine storage is scarce, we
developed the web-based education program 'Keep Cool’ for per-
sonnel working in primary care practices based on recommenda-
tions and guidelines from other Western nations [24-29].

The Keep Cool study aims at assuring optimal vaccine storage
conditions through tailored learning. After a 7-day baseline vaccine
refrigerator temperature recording, physicians and practice assis-
tants were offered access to the education program. This publica-

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tion evaluates the program’s learning effectiveness focusing on key
indicators of knowledge on vaccine storage.

2. Methods

The study was registered in the German Trial Register
(DRKS00006561) and approved by the Ethic Commission of the
Medical Faculty of the University Hospital Essen, University of
Duisburg-Essen (14-6118-BO). Participants provided written
informed consent.

2.1. Study design

Details on the Keep Cool study design have been reported [30].
Briefly, this is an intervention study with 23 general practices
which were monitored using continuous temperature recordings
with a data logger at 1-minute intervals over 7 days [30]. Practices
received their temperature records uncommented before program
participation.

This publication evaluates the program’s effectiveness in
improving knowledge using an online-based questionnaire, which
participants completed immediately before and after the program
(pre-post design).

2.2. Keep Cool program

The Keep Cool program is an online-based education program
designed to increase knowledge on good vaccine storage condi-
tions as a prerequisite to improve vaccine storage conditions. The
average program duration is 45 min. Technical requirements are
internet access with the browser Mozilla Firefox or Google Chrome,
the activation of JavaScript and cookies, and an email address.

Upon registering and commencing the learning program, partic-
ipants complete a questionnaire to assess their baseline knowl-
edge. The presentation of the learning content follows a didactic
approach consisting of three key features: a) content is tailored
to an individual’s baseline knowledge by providing feedback, b)
content is targeted to the two occupational groups that work and
handle vaccines in German general practices (physicians or trained
practice assistants, who undergo a three-year vocational training),
and c) the program addresses each participant by using their name
which they provide upon registration.

The learning content is based on national [3] and international
recommendations, guidelines [24-29], and scientific literature
[2,31,32]. The learning content is presented in five tutorials: tem-
perature (9 subtopics), refrigerator (3 subtopics), storage (4 subto-
pics), responsibilities (5 subtopics), and monitoring (8 subtopics).
Participants receive immediate access to basic information and
practical tips. They are offered expert knowledge for in-depth
understanding including access to relevant scientific literature
[2,3,31,32]. See Fig. 1 for an example of the presentation of the
learning content.

The following templates are offered (printout or download):
temperature logbook, checklist for vaccine storage, emergency
numbers, criteria for recommended data loggers and vaccine
refrigerators, list of adsorbed vaccines, checklists for expiration
dates and keeping an inventory.

After completing the program, participants test their learning
success. If <8 of 11 (73%) knowledge questions were answered cor-
rectly, participants were allowed to repeat the learning program
and final test once after revisiting the learning content. After suc-
cessful completion participants receive a certificate; physicians
additionally receive one continuous medical education point
(CME).
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The development of the program prototype was supported by
internal and external tests. The internal tests were carried out with
four healthcare researchers, four laypersons, and four primary care
physicians. The external tests were conducted in the target popu-
lation using the think-aloud method [33]: four practice assistants
and two primary care physicians from three practices participated.
The experimenter observed and noted the participants’ behavior
and understanding of the programs’ functionality, layout, and over-
all usability.

2.3. Development of the web-based knowledge questionnaire

The knowledge questionnaire was developed based on previous
studies [14,21], international recommendations and guidelines
[24-29], as well as scientific data on vaccines’ temperature sensi-
tivity and the performance of different refrigerator types
[2,31,32]. The final questionnaire comprised 11 items (see Supple-
mental Tables 1 and 2). The items allocate to the tutorials as fol-
lows: temperature: 1, 4, 5; refrigerator: 10; storage: 2, 9, 11;
responsibilities: 8; and monitoring: 3, 6, 7. The questionnaire is
embedded at the start and end of the program to provide feedback
on learning success. To obtain official approval for CME points, the
questionnaire at follow-up had to be modified slightly to match the
requested one of five formats, while content remained identical.
The questionnaire was initially pre-tested on paper with five
researchers, later in its electronic version as part of the internal
and external tests.

2.4. Study population, recruitment and study materials

Participation in the study was offered to 168 general practices
affiliated with the University of Duisburg-Essen (N = 185) as teach-
ing practices; however, practices (n = 17) involved in pre-tests
were excluded. All non-participants received a short questionnaire
by fax to allow for a non-responder analysis. Recruitment took
place between January 2018 and August 2018.

In participating practices, a temperature data logger was placed
in the middle shelf of the refrigerator(s). After 7 days, readings
were downloaded. The visualization of the temperature recording
was presented to the practices immediately. For ethical reasons,
all practices were offered access to the learning program, refraining
from a randomized controlled design. Data on practice characteris-
tics were obtained from the university’s teaching practices
database.

2.5. Statistical analysis

Descriptive statistics were used to compare participating and
non-participating practices as well as physicians and practice
assistants. For their comparison, the %2 test and the Wilcoxon
rank-sum test were used. The frequency of all knowledge items
and the learning effectiveness was calculated for all participants
and separately by professional group as well as per practice (at
least one person with 8/11 or 11/11 correct). The outcome ‘good
vaccine storage knowledge’ was defined as answering at least 8
of the 11 questions correctly. For participants with available data
at both times, the degree of improvement after program participa-
tion within the groups was compared using McNemar's test or the
Wilcoxon signed-rank test. To assess the relationship between
practice characteristics and ‘optimal vaccine storage knowledge’
(<11/11 correct answers), hierarchical generalized linear mixed
models (GLMM) for binomial responses with random practice-
specific intercepts (to account for variations within and between
practices) were used. Statistical analyses were performed using
IBM SPSS Statistics for Windows, version 25 (Armonk, NY: IBM
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Fig. 1. Example for the presentation of the learning content: basic knowledge and practical tip (top), expert information (bottom).

Corp.) and R, version 3.5.2. Percentages and mean values are
reported for valid cases.

3. Results
3.1. Characteristics of participating practices and practice personnel

Of the 64 practices that took part in the two-week temperature
monitoring period and were offered study participation, 25 partic-
ipated (response rate: 39.1%). Participating practices did not differ
significantly from non-participants, except that 92% of these prac-
tices (vs. 61.5%, respectively) had at least one refrigerator with
temperatures outside the target range. For details see Supplemen-
tal Table 3.

A total of 60 participants completed the learning program: 16
physicians (including 1 physician in training) and 44 practice assis-
tants (including 4 trainees). On average, 2.4 (+0.8) persons partic-
ipated per practice: in 64.0% (n = 16) one physician and at least
two practice assistants, in 36.0% (n = 9) only practice assistants.
52.0% of the practices were group practices. For details see Table 1.

3.2. Learning effectiveness

At baseline, the mean knowledge score for the complete sample
was 5.6 (£1.9) out of 11 correct answers: 5.9 (+2.3) in physicians,
5.5 (£1.7) in practice assistants. No participant had ‘optimal vac-
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cine storage knowledge’ (11 of 11 items correct) at baseline. Of
the participants, 13.3% (n = 8) had ‘good vaccine storage knowl-
edge’ (at least 8 of 11 questions correct): 25.0% of the physicians
and 9.1% of the practice assistants. At follow-up, there was a signif-
icant improvement in knowledge, both in physicians and practice
assistants: the mean knowledge score was 9.8 + 1.2, corresponding
to an increase of 4.2 points (p < 0.001). In physicians, knowledge
increased by 75.0 percentage points (n = 12) and in practice assis-
tants by 90.9 percentage points (n = 38). The mean knowledge
score at follow-up increased by 4.6 points in physicians
(p < 0.001) and by 4.0 points in practice assistants (p < 0.001). At
follow-up 100.0% had ‘good vaccine storage knowledge’ (at least
8 of 11 items correct) and thus passed the test at first attempt. This
corresponding to an increase of 86.7 percentage points compared
to baseline. The item with the highest net change (+76.7%)
addressed the best-practice of recording temperatures twice-
daily. Knowledge of the lower and upper temperature targets
improved from 58% respectively 63% to 100% each. See Table 2
and Fig. 2 for details.

3.3. Factors associated with ‘optimal vaccine storage knowledge’ at
follow-up

Analysis using the GLMM showed no significant associations
between ‘optimal vaccine storage knowledge’ (<11/11 correct
answers) and the independent variables considered.
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Table 1
Characteristics of participating practices (n = 25) and practice personnel (n = 60).
n %
Participants:
Physicians 16 26.7
Mean years since medical license + SD [1] 251 7.7
Gender, female 5 313
Frequency of administering > 1 vaccination
About daily 12 75.0
Weekly 4 25.0
Monthly 0 0.0
Rarely/never 0 0.0
Medical assistants 44 73.3
Mean years since vocational training + SD [77] 164 £ 11.7
Gender, female 44 100.0
Frequency of administering > 1 vaccination [2]
About daily 30 714
Weekly 10 23.8
Monthly 0 0.0
Rarely/never 2 4.8
Practice characteristics:
Practice type, group 13 52.0
Mean no. of physicians + SD [10] 20+14
Mean no. of medical assistants + SD [11] 44 + 3.1
Patients per practice per quarter (caseload) > 1,750 [12] 10 50.0
Mean percentage of patients with statutory health insurance + SD [8] 90.1+75
Certified quality management [15] 2 10.5
Physician qualifications, travel medicine [10] 4 20.0
Physician qualifications, tropical medicine and/or yellow fever license [10] 1 5.0
Services offered, pediatric and/or adolescent medicine [10] 8 40.0
Services offered, adolescent preventive services [10] 18 90.0
Practice vaccine spectrum, mean no. of vaccines + SD [10] 17.7+£2.0
Total number of refrigerators” 33
Temperature of refrigerators
Always within target range (2-8 °C) 7 21.2
Within target range but at least once > 8 °C 10 30.3
Within target range but at least once < 2 °C 12 36.4
Always > 8 °C 1 3.0
<2°, in target range, >8°C 2 6.1
Always < 2 °C 1 3.0
Type of refrigerator used, household 32 97.0

" Of these n=4 still in vocational training SD = standard deviation.
* Of the 25 practices, 19 practices had one refrigerator, 5 two refrigerators, 1 practice with 4 sites had one refrigerator per site.

4. Discussion

This study evaluated the learning effectiveness of the web-
based education program Keep Cool on vaccine storage knowledge
in general practice personnel. The didactic strategy used a combi-
nation of information tailoring based on prior knowledge of key
aspects and personal address. The reported learning effectiveness
immediately after program participation was very good: while
around half of the questions were answered correctly at baseline,
this increased to all questions but one afterwards, on average. In
more than half of all practices at least one person answered all
questions correctly after program participation.

Interestingly, although vaccinations are an important primary
care service and adequate knowledge on vaccine storage is para-
mount, only few studies on knowledge are available that allow
for a comparison. With the exception of one study, they are either
cross-sectional without an intervention or do not provide pre-post
comparisons [14-16,18-22,34]. Focusing on the most important
aspect, i.e. knowledge of the correct temperature range of 2 °C to
8 °C, results in prior studies range from 10% in staff members of
Australian general practices [22], 16% of storage coordinators in
US pediatric offices [19], 40% in GB general practices and child
health clinics [18], 48% of coordinators in US family practices and
pediatric offices [16], 63% of vaccine coordinators in Canadian pri-
mary care practices [15], to 73% in US private provider offices [20].
This compares to 48% in our study at baseline, 63% for the upper
limit, and 58% for the lower.
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Prior studies also addressed the appraisal of vaccines’ thermo-
sensitivity. Considering heat exposure, 18% of US coordinators in
pediatric offices were aware of ‘harms to some vaccines’ [19],
84% of Canadian coordinators of ‘harms to all’ vaccines [15], and
100% of US coordinators in family practices and pediatric offices
of ‘harms to potency’ [16]. ‘Harm/damage to some/certain vacci-
nes’ due to freeze exposure was stated by 28.1% of Canadian coor-
dinators [15], by 36% [19] and 81.5% [16] of US coordinators, and
4% of Australian GP staff ‘knew which vaccines were damaged by
freezing’ [22]. Interestingly, according to Bell et al. [20], some US
physician practices believed that colder temperatures were safer
and managed their refrigerator accordingly, which is consistent
with unsystematic observations in our study. In Germany, there
is teaching material available which encourages practice assistants
to look out for too warm, but not cold temperatures [35].

Only one intervention study reports pre-post results for knowl-
edge, thus allowing for a comparison with our follow-up data. This
South Korean study in private practice institutions in 2012 pro-
vided one-to-one education in practices combined with a manual
on vaccine storage [14]. In the study, 83.9% were aware at baseline
that temperatures should be recorded, compared to 90.3% at
follow-up. Our study inquired about the frequency of recording
temperatures, which was answered correctly by 23.3% at baseline
and 100.0% at follow-up. In the South Korean study, measuring
temperatures on the middle shelf was correctly reported by
61.3% at baseline and 90.3% at follow-up, compared to 88.3% and
94.8% in our study [14].
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Table 2
Learning effectiveness regarding key knowledge items: total study population and stratified by physicians (n = 16) and practice assistants (n = 44/42) before and after the
program.
Before After p- Net
program program value™ change (%)
(N =60)" (N = 58%)"
n % n %
Tutorial: Temperature
1. The active agent of vaccines is affected by high and low temperatures. 58 967 56 966 ns -0.1%
Physicians 16 100.0 16 100.0 0.0
Practice assistants 42 955 40 952 -0.3%
4. The lower temperature limit for vaccines is 2 °C 35 583 58 100.0 <0.001 +41.7
Physicians 10 625 16 100.0 +37.5
Practice assistants 25 56.8 42 100.0 +43.2
5. The upper temperature limit for vaccines is 8 °C. 38 633 58 100.0 <0.001 +36.7
Physicians 10 625 16 100.0 +37.5
Practice assistants 28 63.6 42 1000 +36.4
Tutorial: Refrigerator
10. Appropriate refrigerators for vaccine storage are [...] 1 1.7 30 51.7 <0.001 +50.0
Physicians 1 6.3 11 688 +62.5
Practice assistants 0 00 19 45.2 +45.2
Tutorial: Storage
2. Vaccines should be stored according to expiration date, in boxes/drawers, according to name, in original 9 150 49 845 <0.001 +69.5
packaging.
Physicians 5 31.3 15 938 +62.5
Practice assistants 4 9.1 34 81.0 +71.9
9. In refrigerators, vaccines may be stored together with medications, not with food. 52 86.7 57 983 <0.05 +11.6
Physicians 14 875 16 100.0 +12.5
Practice assistants 38 864 41 976 +11.2
11. Inside refrigerators, vaccines should NOT have contact with the back wall or side walls and must NOT be 19 31.7 53 914 <0.001 +59.7
stored on the lowest shelf or in door shelves
Physicians 375 15 938 +56.3
Practice assistants 13 295 38 905 +61.0
Tutorial: Responsibilities
8. Two practice assistants per practice should be designated as responsible for vaccine storage. 39 650 53 914 <0.001 +26.4
Physicians 9 56.3 16 100.0 +43.7
Practice assistants 30 682 37 88.1 +19.9
Tutorial: Monitoring
3. The temperature in refrigerators should be documented twice daily. 14 233 58 100.0 <0.001 +76.7
Physicians 4 250 16 100.0 +75.0
Practice assistants 10 227 42 100.0 +77.3
6. Inside the refrigerator the temperature should be measured on the middle shelf. 53 883 55 948 ns +6.5
Physicians 13 813 16 100.0 +18.7
Practice assistants 40 909 39 929 +2.0
7. Appropriate thermometers for monitoring the temperature in vaccine refrigerators are [...] 17 283 40 69.0 <0.001 +40.7
Physicians 7 438 15 93.8 +50.0
Practice assistants 10 227 25 595 +36.8

* Comparisons of physicians and practice assistants before/after the program using Fisher’s exact test were not significant except for items 2 (before program: p = 0.048)

and 7 (after program: p = 0.012).

" Valid percentages.

# Drop-out of n = 2 practice assistants with an average score of 5 and 6 at baseline.
$ Drop-out of n = 2 practice assistants with correct answers at baseline.
~ McNemar's test comparing differences between before and after the program.

After completing the program, physicians had significantly
more correct answers than practice personnel (on average one
answer more). A significant difference in learning success between
professions was found only for one item: 94% of physicians com-
pared to 60% of practice assistants correctly identified thermome-
ters allowed for temperature monitoring.

4.1. Limitations

A potential selection bias by involving only primary care teach-
ing practices is unlikely as we showed in a prior study that results
on vaccine management were similar between a teaching practice
sample and a random practice sample [36]. We cannot exclude that
an intervention bias applies for two reasons: First, the time
between recruitment, data logger setup and program participation
allowed practices to inform themselves about the topic. Second, at
least some of the participants saw the visualization of their tem-
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perature readings. In case of an intervention bias, the real knowl-
edge quality would be worse.

4.2. Conclusion

This web-based education program was shown to be very effec-
tive in improving knowledge on vaccine storage in primary care
practices. The results can be extrapolated to other physicians, prac-
tices as well as other institutions who handle vaccinations. In Ger-
many, all share a lack of storage-related recommendations/
guidelines.

Due to the severe knowledge deficits identified, large-scale
implementation of Keep Cool will not result in a ceiling effect
but will have a strong impact on vaccine storage quality. Keep Cool
is cost-effective and can be easily disseminated in the target pop-
ulation. Further studies will assess its long-term effectiveness
and explore on-site education as an alternative delivery mode to
increase the program’s reach.
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