
Vaccine 35 (2017) 1789–1796
Contents lists available at ScienceDirect

Vaccine

journal homepage: www.elsevier .com/locate /vacc ine
Vial usage, device dead space, vaccine wastage, and dose accuracy of
intradermal delivery devices for inactivated poliovirus vaccine (IPV)
http://dx.doi.org/10.1016/j.vaccine.2016.11.098
0264-410X/� 2017 PATH. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Abbreviations: AD, autodisable; DSJIs, disposable-syringe jet injectors; fIPV,
fractional inactivated poliovirus vaccine; ID, intradermal; IM, intramuscular; IPV,
inactivated poliovirus vaccine; OPV, oral poliovirus vaccine; tOPV, trivalent OPV;
bOPV, bivalent OPV; UNICEF, United Nations Children’s Fund; WHO, World Health
Organization.
⇑ Corresponding author.

E-mail address: cjarrahian@path.org (C. Jarrahian).
Courtney Jarrahian a,⇑, Annie Rein-Weston a, Gene Saxon a, Ben Creelman a, Greg Kachmarik a,
Abhijeet Anand b, Darin Zehrung a

a PATH, PO Box 900922, Seattle, WA 98109, USA
bCenters for Disease Control and Prevention, 1600 Clifton Rd, Atlanta, GA 30333, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Available online 8 February 2017

Keywords:
Inactivated polio vaccine
Intradermal delivery
Vaccines
Delivery devices
Vaccine wastage
Introduction: Intradermal delivery of a fractional dose of inactivated poliovirus vaccine (IPV) offers poten-
tial benefits compared to intramuscular (IM) delivery, including possible cost reductions and easing of
IPV supply shortages. Objectives of this study were to assess intradermal delivery devices for dead space,
wastage generated by the filling process, dose accuracy, and total number of doses that can be delivered
per vial.
Methods: Devices tested included syringes with staked (fixed) needles (autodisable syringes and syringes
used with intradermal adapters), a luer-slip needle and syringe, a mini-needle syringe, a hollow micro-
needle device, and disposable-syringe jet injectors with their associated filling adapters. Each device
was used to withdraw 0.1-mL fractional doses from single-dose IM glass vials which were then ejected
into a beaker. Both vial and device were weighed before and after filling and again after expulsion of liq-
uid to record change in volume at each stage of the process. Data were used to calculate the number of
doses that could potentially be obtained from multidose vials.
Results: Results show wide variability in dead space, dose accuracy, overall wastage, and total number of
doses that can be obtained per vial among intradermal delivery devices. Syringes with staked needles had
relatively low dead space and low overall wastage, and could achieve a greater number of doses per vial
compared to syringes with a detachable luer-slip needle. Of the disposable-syringe jet injectors tested,
one was comparable to syringes with staked needles.
Discussion: If intradermal delivery of IPV is introduced, selection of an intradermal delivery device can
have a substantial impact on vaccine wasted during administration, and thus on the required quantity
of vaccine that needs to be purchased. An ideal intradermal delivery device should be not only safe, reli-
able, accurate, and acceptable to users and vaccine recipients, but should also have low dead space, high
dose accuracy, and low overall wastage to maximize the potential number of doses that can be with-
drawn and delivered.

� 2017 PATH. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

The oral poliovirus vaccine (OPV), a live attenuated vaccine, has
been the principal tool for polio eradication since the start of the
Global Polio Eradication Initiative. However, polioviruses in OPV
are live and attenuated and in very rare cases can acquire neurovir-
ulence, causing paralysis similar to wild polioviruses. Eradication
of all poliovirus strains will require the eventual cessation of OPV
use. The World Health Organization (WHO) Strategic Advisory
Group of Experts on Immunization recommended a phased cessa-
tion of OPV, starting with type 2 virus cessation by replacing triva-
lent OPV (tOPV) with bivalent OPV (bOPV), with the simultaneous
introduction of trivalent inactivated poliovirus vaccine (IPV) in
routine immunization [1].

There are currently four manufacturers globally of Salk IPV, of
which two are major suppliers (Sanofi Pasteur and Bilthoven/
Serum Institute of India) to the United Nations Children’s Fund
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(UNICEF). Additional manufacturers have Sabin IPV vaccines in
development, and one of these has licensure in China. In prepara-
tion for the switch to bOPV in April 2016, countries that were not
using IPV in their routine immunization schedule were expected to
introduce at least one dose of IPV in advance [2,3]. This has
increased IPV demand from about 80 million doses in 2013 to
about 200 million doses in 2016 [4]. In addition, IPV campaigns
are being conducted to interrupt wild poliovirus transmission.
Together, the rapid increase in demand of IPV for routine immu-
nization in concert with demand of IPV for campaigns in poliovirus
endemic countries and temporary reductions in expected manu-
facturing capacity has stretched IPV supply and has delayed intro-
duction of IPV in advance of the switch from tOPV to bOPV [5,6].

IPV is substantially more expensive than OPV (UNICEF procure-
ment price of US$1 to $2 per IPV dose vs $0.15 per OPV dose) [5,7],
and the polio eradication program is exploring ways to make IPV
affordable, especially for low-resource countries [8]. One of the
options is to reduce the antigen content of each dose by adminis-
tering a fractional intradermal (ID) dose of 0.1 mL of IPV, instead
of the standard dose of 0.5 mL delivered IM. A number of clinical
studies have compared ID delivery of reduced doses of IPV to
full-dose IM delivery with variable results depending on the vacci-
nation regimen used [9–21].

Intradermal IPV, with only one-fifth of the full IM dose of anti-
gen required, also offers the ability to stretch the limited supplies
of IPV. WHO’s position paper on polio vaccines recommends that
countries consider introduction of intradermal fractional IPV (fIPV)
with two doses at 6 and 14 weeks of age [22,23], as two doses of
fIPV have been shown to be more immunogenic than one IM dose
of 0.5 mL IPV [16,19]. With this new recommendation, some coun-
tries have started introduction of fIPV in routine childhood immu-
nization, including several states in India which introduced fIPV in
April 2016 [24] as well as Sri Lanka [25]. The Global Polio Eradica-
tion Initiative has also stated that IPV campaigns, such as those in
response to type 2 vaccine derived polio virus (VDPV2) outbreak
after the switch from tOPV to bOPV, must utilize fIPV [22,26],
which has been implemented in a campaign in June 2016 in Hyder-
abad, India [27]. ID delivery could also have ancillary benefits,
including easing the logistical burden of immunization programs
by reducing the amount of cold chain space required for vaccine
storage and transport [28]. In addition, several ID devices in devel-
opment are needle-free and could eliminate the risk of needle-stick
injuries as well as the costs associated with sharps waste disposal
[29–31].

The principal reason for use of ID fIPV in the polio program is
the ability of fIPV to stretch existing supplies of IPV and offer
improved type 2 immunogenicity. Therefore, careful selection of
an ID delivery device that is suitable for the intended scenario of
use, minimizes wastage, and enables consistent delivery of an
accurate dose will be essential. A vaccine vial containing a single
0.5-mL IM dose of IPV may become a five-dose vial for 0.1-mL ID
injections, and vials containing five or ten IM doses could theoret-
ically provide 25 or 50 ID doses. However, depending on the design
of the ID device used, a vial could supply fewer or greater than the
nominal number of doses; multiplied out over the course of several
million vaccinations during a large campaign, these small differ-
ences can add up significantly. Several factors make a difference
in the true number of doses available from a multiple-dose vial:
device dead space (fluid retained in the syringe after injection), fill-
ing technique, use of a vial adapter versus a filling needle, overfill
volume, and accuracy of dose delivered. The purpose of this study
was to characterize the relative differences in wastage and dead
space between a range of commercially available and prototype
ID delivery devices that may potentially be used for delivery of
IPV and how those differences would affect the number of 0.1-
mL ID doses that can be drawn from a single-dose IM IPV vial.
A variety of existing and novel ID delivery technologies have
been investigated for delivery of IPV [32,33]. These can be grouped
into two categories: devices which can deliver the current, liquid
formulation of IPV (conventional needles and syringes, ID adapters,
mini-needles, hollow microneedles, and disposable-syringe jet
injectors [DSJIs]) and delivery technologies that incorporate the
vaccine in a solid form, such as microarray patches. This report
focuses on devices for delivery of the liquid vaccine, which offer
a shorter-term solution to the issue of IPV cost and supply, and
do not require reformulation of existing vaccines. Microarray patch
technologies in development for IPV may potentially offer addi-
tional benefits (thermostability, ease of delivery, elimination of
sharps waste) and have a longer-term timeline to availability. Since
microarray patches do not deliver the current liquid vaccine, they
were out of scope for this investigation [34,35].

The Mantoux method is the accepted technique used for ID
delivery with a needle and syringe and is currently used worldwide
to deliver bacille Calmette-Guérin and rabies vaccines, as well as
some pharmaceuticals, particularly those used for tuberculin and
allergy testing. Syringes used in different scenarios for ID delivery
include fixed-dose autodisable (AD) syringes, allergy and insulin
syringes with staked needles, and syringes with detachable luer-
slip needles, and each of these is broadly available and inexpensive.
However, the Mantoux method requires training to acquire the
skill to consistently and reliably accomplish the ID injection, as a
health care worker must insert the needle at a 5- to 15-degree
angle and inject the fluid just below the skin’s surface to create a
wheal indicating a successful injection [36]. To overcome the per-
ceived difficulty of using the Mantoux method, a variety of ID
delivery devices have been developed to improve both the ease
of use and accuracy of ID delivery (Fig. 1). These include an ID
adapter (West Pharmaceutical Services, Inc.) that fits over a stan-
dard syringe with a staked needle and limits the depth and angle
of the needle during injection [37,38]. Other alternatives are a syr-
inge with a mini-needle 1.5 mm in length which enables perpen-
dicular injections (Star Syringe) [39], and also devices consisting
of single or multiple hollow microneedles (less than 1 mm in
length) affixed to a luer-slip hub for mounting on the syringe, such
as the NanoPass MicronJet600 (MJ600) [40] and the DebioJect
microneedle device [41]. In addition, prefilled ID devices with
mini-needles have been developed, such as the BD Soluvia� injec-
tion system (approved for delivery of inactivated influenza vaccine
[42]) and the Novosanis VAX-ID [43], although due to increased
costs and cold chain volume of prefilled technologies, they are
likely to be less appropriate for IPV delivery in low- and middle-
income countries [29].

DSJIs use gas or spring power to generate a high-pressure
stream of liquid through an orifice in a needle-free syringe to pen-
etrate the skin. Jet injectors for subcutaneous and IM delivery have
regulatory clearance for delivery of vaccines, and one device, the
PharmaJet Stratis, has been WHO prequalified [44]. DSJIs that are
specific for ID delivery and designed with features suitable for
use in low-resource settings have also been developed, including
the PharmaJet Tropis, Bioject ID Pen, and MIT Canada Med-Jet Dart
and H4 (Fig. 1) [9].
2. Materials and methods

ID delivery devices were tested in PATH’s product development
workshop in accordance with methods described in ISO 7886-
1:1993 (Sterile Hypodermic Syringes for Single Use, Annex C,
Method for Determination of Dead Space). Volumes were calcu-
lated by means of weight measurements converted using the den-
sity of distilled water at room temperature (0.998 g/mL). Using a
calibrated digital scale (Mettler Toledo XS304) accurate to



Fig. 1. ID delivery devices that can be filled on site and used to deliver liquid IPV. (A) BD 0.1-mL SoloShot Mini autodisable syringe; (B) BD 1-mL luer-slip syringe; (C) BD 1-mL
allergy syringe with West ID adapter; (D) Helm 0.1-mL autodisable syringe with prototype autodisable ID adapter; (E) Star ID syringe with mini-needle; (F) NanoPass MJ600
hollow microneedle, EXEL 1-mL luer-lock syringe, and filling needle; (G) PharmaJet Tropis with filling adapter and needle-free syringe; (H) MIT Canada Med-Jet� H4; (I)
Bioject ID Pen with needle-free syringe; (J) MIT Canada Med-Jet� Dart.

Fig. 2. Schematic of testing process. (A) Empty vial; (B) Filled vial and empty delivery device; (C) Withdrawing deionized water from a filled vial; (D) Withdrawing device
from vial (note potential wastage on withdrawal); (E) Setting of dose to 0.1 mL into the air (note wastage); (F) Delivery of dose; (G) Wastage due to filled dead space in
syringe.
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±0.1 mg, separate weight measurements were taken of both the
vial (with capping materials) and delivery device at points seen
represented by the dividing lines between steps (Fig. 2, marked
[I], [II], [III], and [IV]). Weight differences between measurement
points during the delivery process indicate key characteristics such
as:
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Dead space ¼ dev ice weight at ½IV � � device weight at ½I�
Retained vial amount ¼ v ial weight after last withdraw ½III�
� empty v ial weight
Delivered dose volume ¼ dev ice weight at ½III�
� dev ice weight at ½IV �

Glass vials (13 mm � 31 mm, 2-mL volume, Schott Pharmaceu-
tical) for each test device were filled with 0.700 mL of deionized
water (the volume of a standard single-dose IM IPV vial, including
0.2 mL overfill) using a calibrated micropipette accurate to ±1 lL
and sealed with a 13-mm septum (Kimble Chase) and cap (Whea-
ton). Doses were withdrawn and delivered according to the
instructions for use (into a beaker) until no more water could be
drawn from the vial. This entire process was repeated with five
vials for each test condition.

ID devices that have been previously evaluated for delivery of
IPV and that are designed to be filled on site with liquid vaccine
were selected for testing (approximately 25 units evaluated per
device, depending on how many were required to draw all doses
in five vials). These included an AD syringe with staked needle
(BD 0.1-mL SoloShot Mini AD syringe with 27-gauge 3/800 needle
[Fig. 1A]); a selected syringe with luer connection and separate
needle (BD 1-mL luer-slip syringe with BD 27-gauge 1/200 needle
[Fig. 1B]); two syringes with staked needles that are compatible
with versions of the ID adapter (BD 1-mL allergy syringe with
27-gauge 1/200 needle [Fig. 1C] and Helm 0.1-mL AD syringe with
27-gauge 1/200 needle [Fig. 1D]); a mini-needle syringe (Star ID syr-
inge, Fig. 1E); a hollow microneedle hub attached to a luer syringe
(NanoPass MJ600 and EXEL 1-mL luer-lock syringe [Fig. 1F]); and
several DSJIs (PharmaJet Tropis [Fig. 1G], MIT Canada Med-Jet H4
[Fig. 1H], Bioject ID Pen [Fig. 1I], and MIT Canada Med-Jet Dart
[Fig. 1J]). The MIT Canada Dart and Med-Jet H4 use the same dis-
posable needle-free syringe and therefore the results for this
needle-free syringe apply to both of these DSJI devices. The needle
and syringes, ID adapter, and MJ600 devices have regulatory clear-
ances, while the jet injectors tested and the Star ID syringe were
investigational prototypes in development.

The conventional syringes were filled with their own needles.
Jet injector needle-free syringes were filled using filling adapters
provided by the device manufacturers in accordance with the
device instructions for use. The Star ID syringe was filled using
the plastic spike integrated into the syringe body. The EXEL luer-
lock syringe for the NanoPass MJ600 device was filled using a sep-
arate BD 27-gauge 1/200 length needle, which was then removed
before attachment of the MJ600 hollow microneedle hub.

Vaccine wastage during filling and injection can occur at multi-
ple points during the delivery process:

� Device dead space: The internal geometry of the delivery device
can include dead space that retains some vaccine after the dose
is delivered.

� Filling process and user technique: Wastage can occur during
the filling process, such as drops remaining on the exterior of
the components or in the vial adapter or filling needle. User/
device instructions can also vary in the technique used to set
the correct dose and remove air bubbles (either by injecting
the vaccine back into the vial or out into the air).

Two filling procedures for setting the dose and removing bub-
bles were evaluated to determine the potential effect of user filling
technique on overall wastage. In the first technique, the needle was
kept in the vial throughout the process and the overfill and bubbles
in the syringe were returned to the vial. In the second technique,
after withdrawing the dose from the vial, the overfill and bubbles
in the syringe were ejected into the air (Fig. 2E). Training materials
on safe injection techniques for vaccinators recommend both tech-
niques [45,46]. The delivery devices were primarily tested using
only the more conservative ‘‘return to vial” filling technique, with
the exception of the Star ID syringe, where the dose was set using
the ‘‘eject in air” technique in order to remain consistent with the
manufacturer’s instructions. The BD SoloShot Mini and BD 1-mL
luer-slip syringe were tested using both techniques to evaluate
the potential variability in user technique. Results presented in this
paper used the ‘‘return to vial” filling technique, except for the Star
ID syringe, unless otherwise noted.

The average number of ID doses per single IM dose vial (fill of
0.7 mL) was calculated directly from the number of full doses with-
drawn. WHO recommends that partial doses remaining in a vial
should be discarded and should not be combined with vaccine
from a new vial for injection safety reasons [47]. Therefore, in this
study the partial doses remaining in each vial were measured but
not included in the number of doses obtained from a vial.

From the measured weights, the volume delivered (VDelivered),
total wastage (VWastage), volume remaining in vial (remainder of
vial content that cannot be removed) (VRemaining in vial), and delivery
device dead space were calculated. These values were then used to
estimate the number of ID doses per vial for different vial sizes (5-
dose vial with 3.0 mL fill and 10-dose vial with 5.5 mL fill) accord-
ing to the following equation:

Estimated ID doses per v ial ¼ VTotal � VRemaining in vial

ðVDelivered þ VWastageÞ
The potential percentage difference in vaccine purchase quan-

tity (and cost) to cover a given population of children using each
ID delivery device was estimated in comparison to the nominal
number of ID doses that one might expect to obtain based on frac-
tional dosing (5 ID doses from an IM single-dose vial; 25 ID doses
from an IM five-dose vial; 50 ID doses from an IM ten-dose vial).
This percentage was calculated by dividing the nominal number
as defined above by the estimated doses per vial for each device.
All calculations were done in Microsoft Excel.
3. Results

3.1. Delivered dose volume

The delivered dose volume for all devices ranged from a mean
of 85.1 lL to 105.5 lL for the devices tested (Fig. 3). The precision
of the dose volume also varied, with standard deviations ranging
from 6.1 lL to 27.4 lL, which reflects the large degree of variability
between both devices and technique prescribed by the instructions
for use.

3.2. Device dead space and filling procedure wastage

The mean dead space of the devices tested ranged from 3.2 lL
to 96.7 lL per injection (Fig. 4). The vial-retained volume fluctu-
ated widely between individual vials and ranged from 17 lL to
312 lL per vial, but no significant differences between devices
were observed (data not shown).

Use of a vial adapter to fill the DSJI devices added a mean 14 lL
of vaccine wastage per vial adapter used, and using a separate fill-
ing needle for the Nanopass MJ600 device added 16 lL. Using the
‘‘eject in air” technique for removing air bubbles from the syringe
resulted in more vaccine wastage per injection as compared to the
‘‘return to vial” technique. The mean increase in vaccine wastage
for the ‘‘eject in air” technique was 13.7 lL for the BD SoloShot
Mini and 23.4 lL for the BD luer-slip syringe.
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3.3. Doses obtainable per vial

The mean number of complete doses obtained from a vial ran-
ged from 3.0 to 5.2 (see Table 1). Averages greater than the nomi-
nal amount of fractional ID doses that should be available (five 0.1-
mL doses from a single-dose IM vial) reflected retrieval of 6 com-
plete doses in some tests, due to the overfill that vaccine manufac-
Table 1
Number of full intradermal doses that could be obtained from an IM single-dose vial (av
(theoretically calculated). Relative vaccine purchase costs were compared to the nominal n
an IM single-dose vial; 25 ID doses from an IM five-dose vial; 50 ID doses from an IM ten

Category Delivery device Single-dose IM vial

Number of
ID doses

Relative vaccine
purchase cost

Needle and
syringe

BD SoloShot Mini 5.2 96%
BD 1-mL luer-slip syringe 3.0 140%

ID adapter BD 1-mL allergy syringe 5.2 95%
Helm 0.1-mL AD syringe 5.2 91%

Mini-needle Star Syringe ID 5.0 97%

Hollow
microneedle

NanoPass MJ600 & EXEL 1-mL
luer-lock syringe

3.6 127%

DSJI PharmaJet Tropis 5.0 99%
Bioject ID Pen 3.8 124%
MIT Canada Dart/H4 4.1 118%
turers incorporate. Extrapolations from this data suggest that the
number of ID doses available from a five-dose IM vial could range
from 15.8 to 27.1, and that 29.8 to 50.8 ID doses might be obtain-
able from a ten-dose IM vial. Compared to the nominal number of
fractional doses that could be anticipated (5 ID doses from an IM
single-dose vial; 25 ID doses from an IM five-dose vial; 50 ID doses
from an IM ten-dose vial), additional quantities of vaccine would
erage from test data), and number of full doses per IM five-dose and ten-dose vials
umber of ID doses that could be expected based on fractional dosing (5 ID doses from
-dose vial) and exclude the costs of the delivery device.

Five-dose IM vial Ten-dose IM vial

Number of
ID doses

Relative vaccine
purchase cost

Number of
ID doses

Relative vaccine
purchase cost

26.4 95% 49.4 103%
15.8 137% 29.8 201%

27.1 92% 50.8 96%
26.7 93% 49.9 100%

25.0 100% 46.7 117%

17.9 128% 33.4 183%

25.4 98% 47.6 112%
19.1 124% 35.7 172%
19.6 122% 36.4 168%
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need to be purchased to cover the same population if devices with
high wastage rates were used. In some cases modeled, this had the
effect of doubling vaccine purchase costs (Table 1).
4. Discussion

Due to the nature of the filling procedures and the design of the
devices, wastage varied greatly from device to device. Device dead
space was the greatest source of variation between devices, and
can be attributed to the internal geometry of each device or the
syringe used with it. In addition, for each type of device, there
was fluid left in the vial that could not be withdrawn (vial-
retained volume). Jet injector devices, such as the PharmaJet Tropis
and the MIT Canada Dart and Med-Jet H4, and syringe-mounted,
hollow microneedle devices, such as the NanoPass MicronJet600,
use a vial adapter or filling needle to draw doses from the vial.
Other contributors to overall wastage were fluid retained in the
dead space of the vial adapter or filling needle or lost during the
filling process.

Dose accuracy also affected the number of doses that could be
drawn from a vial, and, more importantly, could also impact the
immune response to vaccination. Based on our data, there is a risk
of under-dosing of 20 percent or more when a vaccinator has to
measure a dose of 0.1 mL on a syringe labeled for a range of doses
up to 1 mL. Fixed-dose devices that automatically set the dose vol-
ume, such as the PharmaJet Tropis and the BD SoloShot Mini and
Helm AD syringes, tended to be more accurate and more precise
in dosing than variable-dose devices that rely on the user to set
the dose. It should be noted that this study measured dose accu-
racy only as the quantity ejected from the delivery device, which
may not be the same as the quantity retained in the vaccine recip-
ient, due to the potential for leakage out of the injection site or
delivery of part of the dose to the exterior of the skin, which can
vary between ID devices and users and may have an impact on
immunogenicity [37,38,48,49].

A key dose-sparing statistic is the number of doses that can be
successfully drawn from each vial. From the data collected during
this trial, the staked-needle syringes (BD SoloShot, BD allergy syr-
inge, and Helm AD syringe, which can be used on their own for
Mantoux injections, and the latter two also used with the West
ID adapter), the Star ID syringe, and the PharmaJet Tropis syringe
drew the largest number of complete doses, averaging at least five
doses per vial. The devices that drew the least number of doses
included the NanoPass MicronJet600 and the BD 1-mL luer-slip
syringe, which obtained 3.6 and 3.0 doses per vial, respectively.
The major difference between these devices and those that drew
more doses was the amount of dead space present in the luer
hub and needle interface. Luer syringes tend to have larger dead
space volumes than staked-needle syringes due to the volume of
fluid retained in the hub portion of the syringe. The EXEL 1-mL
luer-lock syringe used with the NanoPass MicronJet600 device is
designed to have a relatively lower dead space volume compared
to the BD 1-mL luer-slip syringe and other commercially available
luer syringes but still resulted in more vaccine wastage than non-
luer devices. Unlike the PharmaJet Tropis syringe, which has a flat
front interface with its filling adapter, the Bioject ID Pen and MIT
Canada Dart syringes have luer-like nozzles that interface with a
luer-fit filling adapter, which likely contributed to their larger dead
space and fewer doses drawn from the vial.

Limitations of this study included the relatively small scale
(approximately 25 devices per test condition), but this study size
was chosen to be sufficient to identify major differences between
devices. Single-dose vials were used for testing, but because five-
and ten-dose IPV vials are predominantly available to low- and
middle-income countries, calculations were used to estimate the
potential impact of wastage on different vial sizes. The laboratory
setting does not replicate conditions found in field use. Water
was used instead of actual vaccine, but it has a similar viscosity
as IPV, and so would be expected to perform similarly. The exper-
imenters in this study attempted to put a reasonable effort into
withdrawing doses toward the end of a vial’s capacity so as to
recreate a clinical setting as closely as possible. Though this study
was not designed to investigate person-to-person variability, user
technique during filling will clearly play a critical role in the num-
ber of doses that can be drawn from a standard vial, based on the
differences observed in the ‘‘eject in air” and ‘‘return to vial” tech-
niques for removal of bubbles. Larger scale studies involving health
care workers in a clinical setting will be important to validate the
results and assess variability between users. Other than the com-
mercially available needles and syringes, the ID adapter and the
MicronJet600, the ID delivery devices tested were prototypes in
development. Modifications to the designs and use methods of
the devices tested could help improve dose accuracy and reduce
wastage. Potential changes include reducing dead space inside
the syringe luer, the vial adapter or filling needle; developing a
fixed-dose rather than variable-dose design; and modifying the
interaction of the device with the vial to reduce loss during the fill-
ing procedure and access more of the contents of the vial.

Although each individual injection may result in wastage of a
very small amount of fluid, the importance of such wastage
becomes evident when a large-scale introduction of ID delivery
of IPV is considered. The number of doses obtainable from a mul-
tidose vial varies between ID devices by up to 42 percent, which
could have a correspondingly large impact on the number of doses
that must be supplied and, therefore, is a critical factor in the total
cost of vaccination and the degree of supply stretching that is pos-
sible with ID delivery [32]. It will be important to pay careful atten-
tion to dead space and vaccine wastage in the design of ID delivery
devices and the selection of devices and techniques for immuniza-
tion program use, for IPV as well as for other vaccines that are cur-
rently delivered ID (such as rabies vaccine) and for others which
may be considered for ID delivery in the future.
5. Conclusions

Our results suggest that there are large differences in dead
space, overall wastage, dose accuracy and total number of doses
that can be achieved depending on the device used. In general,
we found that syringes with a staked needle could achieve a
greater number of doses than syringes that require a luer lock or
luer slip. Intradermal jet injectors could also achieve a total num-
ber of doses comparable to staked needle and syringe devices,
depending on their design. Modifications of some ID devices could
increase their efficiency of vaccine usage.

The decision whether to utilize ID delivery of IPV in an outbreak
response or campaign setting or in routine immunization, and
which ID delivery device to use, will be made by the WHO, regula-
tory authorities, and national immunization programs. Key factors
in choosing an ID delivery device for IPV include cost, ease of use,
vaccine and delivery device regulatory clearance, and clinical
safety and immunogenicity data, which are available for IPV deliv-
ery with some devices tested in this analysis, such as the NanoPass
MJ600 [14,19] and PharmaJet Tropis [9] and are in progress for the
ID adapter and Star ID Syringe. However, device wastage and dose
accuracy information can also help inform selection of an intrader-
mal delivery device for IPV or any other ID delivered vaccine. It will
be important for immunization programs to select an intradermal
delivery device that has low dead space and low overall wastage in
order to maximize the potential number of doses that can be
drawn and delivered.



C. Jarrahian et al. / Vaccine 35 (2017) 1789–1796 1795
Conflict of interest

None reported.
Acknowledgements

We would like to thank the device developers who supplied ID
devices for testing, including Chris Cappello (PharmaJet), Rick Stout
(Bioject), Yotam Levin (NanoPass), Izzy Tsals (SID Technologies),
Glen Zimmermann (West Pharmaceutical Services), Karim
Menassa (MIT Canada), and Paul Mallins (Star Syringe). This work
was funded in whole by a grant from the Bill & Melinda Gates
Foundation. The views expressed herein are solely those of the
authors and do not necessarily reflect the views of the Foundation.
References

[1] World Health Organization (WHO). Meeting of the strategic advisory group of
experts on immunization, April 2013—conclusions and recommendations.
Wkly Epidemiol Rec. 2013;88(20):201–216. Available at: <http://www.who.
int/wer/2013/wer8820.pdf?ua=1> [accessed November 11, 2016].

[2] Sutter RW, Platt L, Mach O, Jafari H, Aylward RB. The new polio eradication end
game: rationale and supporting evidence. J Infect Dis 2014;210(Suppl 1):
S434–8. http://dx.doi.org/10.1093/infdis/jiu222.

[3] Immunization Systems Management Group of the Global Polio Eradication
Initiative. Introduction of inactivated poliovirus vaccine and switch from
trivalent to bivalent oral poliovirus vaccine—worldwide, 2013–2016. Morb
Mortal Wkly Rep 2015;64(25):699–702.

[4] Oliver Wyman, Inc. Global Post-eradication IPV Supply and Demand
Assessment: Integrated Findings; 2009. Available at: <http://
polioeradication.org/wp-content/uploads/2016/07/Post-Eradication-IPV-
Supply-Demand-March-2009-FINAL.pdf> [accessed March 16, 2016].

[5] United Nations Children’s Emergency Fund (UNICEF). Inactivated Polio
Vaccine: Supply Update. May 2015. Available at: <http://www.unicef.
org/supply/files/IPV_supply_update_May_2015.pdf> [accessed March 16,
2016].

[6] Chang Blanc D. Objective 2 update: Implementation of OPV2 withdrawal and
IPV introduction. Presented at: Meeting of the Strategic Advisory Group of
Experts on Immunization, October 18, 2016; Geneva, Switzerland. Available at:
<http://www.who.int/immunization/sage/meetings/2016/october/Session5-
Updates-on-implementation-of-OPV2-withdrawal.pdf?ua=1> [accessed
November 11, 2016].

[7] UNICEF. Vaccine Price Data. Available at: <http://www.unicef.org/supply/
index_57476.html> [accessed March 16, 2016].

[8] Okayasu H, Sutter RW, Jafari HS, Takane M, Aylward RB. Affordable inactivated
poliovirus vaccine: strategies and progress. J Infect Dis 2014;210(Suppl. 1):
S459–64. http://dx.doi.org/10.1093/infdis/jiu128.

[9] Resik S, Tejeda A, Mach O, et al. Immune responses after fractional doses of
inactivated poliovirus vaccine using newly developed intradermal jet
injectors: a randomized controlled trial in Cuba. Vaccine 2015;33(2):307–13.
http://dx.doi.org/10.1016/j.vaccine.2014.11.025.

[10] Nelson KS, Janssen JM, Troy SB, Maldonado Y. Intradermal fractional dose
inactivated polio vaccine: a review of the literature. Vaccine 2012;30
(2):121–5. http://dx.doi.org/10.1016/j.vaccine.2011.11.018.

[11] Cadorna-Carlos J, Vidor E, Bonnet MC. Randomized controlled study of
fractional doses of inactivated poliovirus vaccine administered intradermally
with a needle in the Philippines. Int J Inf Dis 2012;16(2):e110–6. http://dx.doi.
org/10.1016/j.ijid.2011.10.002.

[12] Soonawala D, Verdijk P, Wijmenga-Monsuur AJ, et al. Intradermal fractional
booster dose of inactivated poliomyelitis vaccine with a jet injector in healthy
adults. Vaccine 2013;31(36):3688–94. http://dx.doi.org/10.1016/
j.vaccine.2013.05.104.

[13] Estívariz CF, Jafari H, Sutter RW, et al. Immunogenicity of supplemental doses
of poliovirus vaccine for children aged 6–9 months in Moradabad, India: a
community-based, randomised controlled trial. Lancet Infect Dis 2012 Feb;12
(2):128–35. http://dx.doi.org/10.1016/S1473-3099(11)70190-6.

[14] Troy SB, Kouiavskaia D, Siik J, et al. Comparison of the immunogenicity of
various booster doses of inactivated polio vaccine delivered intradermally
versus intramuscularly to HIV-infected adults. J Infect Dis 2015;211
(12):1969–76. http://dx.doi.org/10.1093/infdis/jiu841.

[15] Resik S, Tejeda A, Lago PM, et al. Randomized controlled clinical trial of
fractional doses of inactivated poliovirus vaccine administered intradermally
by needle-free device in Cuba. J Infect Dis 2010;201(9):1344–52. http://dx.doi.
org/10.1086/651611.

[16] Resik S, Tejeda A, Sutter RW, et al. Priming after a fractional dose of inactivated
poliovirus vaccine. N Eng J Med 2013;368(5):416–24. http://dx.doi.org/
10.1056/NEJMoa1202541.

[17] Mohammed AJ, Al Awaidy S, Bawikar S, et al. Fractional doses of inactivated
poliovirus vaccine in Oman. N Eng J Med 2010;362(25):2351–9. http://dx.doi.
org/10.1056/NEJMoa0909383.
[19] Anand A, Zaman K, Estívariz CF, et al. Early priming with inactivated poliovirus
vaccine (IPV) and intradermal fractional dose IPV administered by a
microneedle device: a randomized controlled trial. Vaccine 2015;33
(48):6816–22. http://dx.doi.org/10.1016/j.vaccine.2015.09.039.

[20] Resik S, Tejeda A, Diaz M, et al. Boosting immune responses following
fractional-dose inactivated poliovirus vaccine: a randomized controlled trial. J
Infect Dis 2017;215(2):175–82. http://dx.doi.org/10.1093/infdis/jiw492.

[21] Clarke E, Saidu Y, Adetifa JU, et al. Safety and immunogenicity of inactivated
poliovirus vaccine when given with measles-rubella combined vaccine and
yellow fever vaccine and when given via different administration routes: a
phase 4, randomised, non-inferiority trial in The Gambia. Lancet Glob Health
2016;8:e534–547.

[22] WHO. Polio vaccines: WHO position paper—March 2016. Wkly Epidemiol Rec.
2016;91(12):145–168. Available at: <http://www.who.int/wer/2016/
wer9112.pdf?ua=1>. [accessed March 16, 2016].

[23] WHO. Summary of the April 2016 Meeting of the Strategic Advisory Group of
Experts On immunization (SAGE). 2016. Available at: <http://www.who.int/
immunization/sage/meetings/2016/april/SAGE_April_2016_Meeting_
Web_summary.pdf> [accessed March 16, 2016].

[24] Intradermal injectable polio vaccination to debut in April. Times of India.
March 29, 2016. Available at: <http://timesofindia.indiatimes.com/city/pune/
Intradermal-injectable-polio-vaccination-to-debut-in-April/articleshow/
51591404.cms> [accessed November 11, 2016].

[25] WHO, UNICEF. 15th WHO/UNICEF Consultation with OPV & IPV Manufacturers
and National Regulatory Authorities: July 28, 2016—Note for the record. 2016.
Available at: <http://www.who.int/immunization/diseases/poliomyelitis/
endgame_objective2/oral_polio_vaccine/WHO_UNICEF_consultation_
28July2016_Note_for_the_record.pdf?ua=1> [accessed November 11, 2016].

[26] WHO. Responding to a Poliovirus Event and Outbreak. PART 1: General SOPs;
2016. Available at: <http://polioeradication.org/wp-content/uploads/2016/09/
Responding-to-a-poliovirus-event-and-outbreak-SOPs-Part-1_EN.pdf>
[accessed November 11, 2016].

[27] Bahl S, Verma H, Bhatnagar P, et al. Fractional-dose inactivated poliovirus
vaccine immunization campaign—Telangana State, India, June 2016. Morb
Mortal Wkly Rep 2016;65(33):859–63.

[28] Zehrung D, Jarrahian C, Wales A. Intradermal delivery for vaccine dose sparing:
overview of current issues. Vaccine 2013;31(34):3392–5. http://dx.doi.org/
10.1016/j.vaccine.2012.11.021.

[29] Hickling JK, Jones KR, Friede M, et al. Intradermal delivery of vaccines:
potential benefits and current challenges. Bull World Health Organ
2011;89:221–6. http://dx.doi.org/10.2471/BLT.10.079426.

[30] Lambert PH, Laurent PE. Intradermal vaccine delivery: will new delivery
systems transform vaccine administration? Vaccine 2008;26(26):3197–208.
http://dx.doi.org/10.1016/j.vaccine.2008.03.095.

[31] Kim YC, Jarrahian C, Zehrung Z, Mitragotri S, Prausnitz MR. Delivery systems
for intradermal vaccination. Curr Top Microbiol Immunol 2012;351:77–112.
http://dx.doi.org/10.1007/82_2011_123.

[32] PATH, Working In Tandem. Improving the Affordability of Inactivated
Poliovirus Vaccines (IPV) for Use in Low- and Middle-Income Countries: An
Economic Analysis of Strategies to Reduce the Cost of Routine IPV
Immunization; 2010. Available at: <http://polioeradication.org/wp-content/
uploads/2016/07/TS_IPV_econ_analysis.pdf> [accessed March 16, 2016].

[33] Kraan H, van der Stel W, Kersten G, Amorij JP. Alternative administration
routes and delivery technologies for polio vaccines. Expert Rev Vaccines
2016;15(8):1029–40. http://dx.doi.org/10.1586/14760584.2016.1158650.

[34] Edens C, Dybdahl-Sissoko NC, Weldon WC, Oberste MS, Prausnitz MR.
Inactivated polio vaccination using a microneedle patch is immunogenic in
the rhesus macaque. Vaccine 2015;33(37):4683–90. http://dx.doi.org/
10.1016/j.vaccine.2015.01.089.

[35] Muller DA, Pearson FE, Fernando GJ, et al. Inactivated poliovirus type 2 vaccine
delivered to rat skin via high density microprojection array elicits potent
neutralising antibody responses. Sci Rep 2016;6:22094. http://dx.doi.org/
10.1038/srep22094.

[36] Laurent PE, Bonnet S, Alchas P, et al. Evaluation of the clinical performance of a
new intradermal vaccine administration technique and associated delivery
system. Vaccine 2007 Dec 17;25(52):8833–42.

[37] Jarrahian C, Zehrung D, Saxon E, et al. Clinical performance and safety of the ID
adapter, a prototype intradermal delivery technology for vaccines, drugs, and
diagnostic tests. Procedia Vaccinol 2012;2012(6):125–33. http://dx.doi.org/
10.1016/j.provac.2012.04.017.

[38] Tsals I, Jarrahian C, Snyder FE, et al. Clinical performance and safety of adapters
for intradermal delivery with conventional and autodisable syringes. Vaccine
2015;33(37):4705–11. http://dx.doi.org/10.1016/j.vaccine.2015.04.095.

[39] Star ID: Intradermal deliverymade easy page. Star Syringewebsite. Available at:
<http://www.starsyringe.com/product-starid.htm> [accessed March 16, 2016].

[40] Levin Y, Kochba E, Hung I, Kenney R. Intradermal vaccination using the novel
microneedle device MicronJet600: past, present, and future. Hum Vaccin
Immunother 2015;11(4):991–7. http://dx.doi.org/10.1080/
21645515.2015.1010871.

[41] Vescovo P, Piveteau LD. Your solution for successful intradermal delivery.
ONdrugDelivery. 2014;49:10–14. Available at: <http://www.
ondrugdelivery.com/publications/49/Debiotech.pdf> [accessedMarch 16, 2016].

[42] INTANZA�/IDflu�, first intradermal influenza vaccine, approved in the
European Union [press release]. Lyon, France: Sanofi Pasteur; February 26,
2009. Available at: <http://en.sanofi.com/Images/13920_20090226_amm_
intanza_idflu_en.pdf> [accessed March 16, 2016].

http://www.who.int/wer/2013/wer8820.pdf?ua=1
http://www.who.int/wer/2013/wer8820.pdf?ua=1
http://dx.doi.org/10.1093/infdis/jiu222
http://polioeradication.org/wp-content/uploads/2016/07/Post-Eradication-IPV-Supply-Demand-March-2009-FINAL.pdf
http://polioeradication.org/wp-content/uploads/2016/07/Post-Eradication-IPV-Supply-Demand-March-2009-FINAL.pdf
http://polioeradication.org/wp-content/uploads/2016/07/Post-Eradication-IPV-Supply-Demand-March-2009-FINAL.pdf
http://www.unicef.org/supply/files/IPV_supply_update_May_2015.pdf
http://www.unicef.org/supply/files/IPV_supply_update_May_2015.pdf
http://www.who.int/immunization/sage/meetings/2016/october/Session5-Updates-on-implementation-of-OPV2-withdrawal.pdf?ua=1
http://www.who.int/immunization/sage/meetings/2016/october/Session5-Updates-on-implementation-of-OPV2-withdrawal.pdf?ua=1
http://www.unicef.org/supply/index_57476.html
http://www.unicef.org/supply/index_57476.html
http://dx.doi.org/10.1093/infdis/jiu128
http://dx.doi.org/10.1016/j.vaccine.2014.11.025
http://dx.doi.org/10.1016/j.vaccine.2011.11.018
http://dx.doi.org/10.1016/j.ijid.2011.10.002
http://dx.doi.org/10.1016/j.ijid.2011.10.002
http://dx.doi.org/10.1016/j.vaccine.2013.05.104
http://dx.doi.org/10.1016/j.vaccine.2013.05.104
http://dx.doi.org/10.1016/S1473-3099(11)70190-6
http://dx.doi.org/10.1093/infdis/jiu841
http://dx.doi.org/10.1086/651611
http://dx.doi.org/10.1086/651611
http://dx.doi.org/10.1056/NEJMoa1202541
http://dx.doi.org/10.1056/NEJMoa1202541
http://dx.doi.org/10.1056/NEJMoa0909383
http://dx.doi.org/10.1056/NEJMoa0909383
http://dx.doi.org/10.1016/j.vaccine.2015.09.039
http://dx.doi.org/10.1093/infdis/jiw492
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0105
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0105
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0105
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0105
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0105
http://www.who.int/wer/2016/wer9112.pdf?ua=1
http://www.who.int/wer/2016/wer9112.pdf?ua=1
http://www.who.int/immunization/sage/meetings/2016/april/SAGE_April_2016_Meeting_Web_summary.pdf
http://www.who.int/immunization/sage/meetings/2016/april/SAGE_April_2016_Meeting_Web_summary.pdf
http://www.who.int/immunization/sage/meetings/2016/april/SAGE_April_2016_Meeting_Web_summary.pdf
http://timesofindia.indiatimes.com/city/pune/Intradermal-injectable-polio-vaccination-to-debut-in-April/articleshow/51591404.cms
http://timesofindia.indiatimes.com/city/pune/Intradermal-injectable-polio-vaccination-to-debut-in-April/articleshow/51591404.cms
http://timesofindia.indiatimes.com/city/pune/Intradermal-injectable-polio-vaccination-to-debut-in-April/articleshow/51591404.cms
http://www.who.int/immunization/diseases/poliomyelitis/endgame_objective2/oral_polio_vaccine/WHO_UNICEF_consultation_28July2016_Note_for_the_record.pdf?ua=1
http://www.who.int/immunization/diseases/poliomyelitis/endgame_objective2/oral_polio_vaccine/WHO_UNICEF_consultation_28July2016_Note_for_the_record.pdf?ua=1
http://www.who.int/immunization/diseases/poliomyelitis/endgame_objective2/oral_polio_vaccine/WHO_UNICEF_consultation_28July2016_Note_for_the_record.pdf?ua=1
http://polioeradication.org/wp-content/uploads/2016/09/Responding-to-a-poliovirus-event-and-outbreak-SOPs-Part-1_EN.pdf
http://polioeradication.org/wp-content/uploads/2016/09/Responding-to-a-poliovirus-event-and-outbreak-SOPs-Part-1_EN.pdf
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0135
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0135
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0135
http://dx.doi.org/10.1016/j.vaccine.2012.11.021
http://dx.doi.org/10.1016/j.vaccine.2012.11.021
http://dx.doi.org/10.2471/BLT.10.079426
http://dx.doi.org/10.1016/j.vaccine.2008.03.095
http://dx.doi.org/10.1007/82_2011_123
http://polioeradication.org/wp-content/uploads/2016/07/TS_IPV_econ_analysis.pdf
http://polioeradication.org/wp-content/uploads/2016/07/TS_IPV_econ_analysis.pdf
http://dx.doi.org/10.1586/14760584.2016.1158650
http://dx.doi.org/10.1016/j.vaccine.2015.01.089
http://dx.doi.org/10.1016/j.vaccine.2015.01.089
http://dx.doi.org/10.1038/srep22094
http://dx.doi.org/10.1038/srep22094
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0180
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0180
http://refhub.elsevier.com/S0264-410X(17)30050-6/h0180
http://dx.doi.org/10.1016/j.provac.2012.04.017
http://dx.doi.org/10.1016/j.provac.2012.04.017
http://dx.doi.org/10.1016/j.vaccine.2015.04.095
http://www.starsyringe.com/product-starid.htm
http://dx.doi.org/10.1080/21645515.2015.1010871
http://dx.doi.org/10.1080/21645515.2015.1010871
http://www.ondrugdelivery.com/publications/49/Debiotech.pdf
http://www.ondrugdelivery.com/publications/49/Debiotech.pdf
http://en.sanofi.com/Images/13920_20090226_amm_intanza_idflu_en.pdf
http://en.sanofi.com/Images/13920_20090226_amm_intanza_idflu_en.pdf


1796 C. Jarrahian et al. / Vaccine 35 (2017) 1789–1796
[43] Van Mulder TJ, Verwulgen S, Beyers KC, et al. Assessment of acceptability and
usability of new delivery prototype device for intradermal vaccination in
healthy subjects. Hum Vaccin Immunother 2014;10(12):3746–53. http://dx.
doi.org/10.4161/21645515.2014.979655.

[44] FDA updated communication on use of jet injectors with inactivated influenza
vaccines page. US Food and Drug Administration website. Available at: <http://
www.fda.gov/BiologicsBloodVaccines/Vaccines/QuestionsaboutVaccines/
ucm276773.htm> [accessed March 16, 2016].

[45] WHO. Immunization in Practice—A Practical Guide for Health Staff. Module 3:
Ensuring Safe Injections. 2015. Available at: <http://www.who.int/
immunization/documents/IIP2015_Module3.pdf?ua=1> [accessed March 16,
2016].

[46] PATH. Giving Safe Injections: Introducing Auto-Disable Syringes.
Module 5: Using Auto-Disable Syringes. 2000. Available at: <http://
www.path.org/publications/files/SafeInjPDF-Module5.pdf> [accessed March
16, 2016].

[47] WHO.WHO Best Practices for Injections and Related Procedures Toolkit. WHO/
EHT/10.02; 2010. Available at: <http://apps.who.int/iris/bitstream/10665/
44298/1/9789241599252_eng.pdf> [accessed March 16, 2016].

[48] Resik S, Tejeda A, Mach O, et al. Needle-free jet injector intradermal delivery of
fractional dose inactivated poliovirus vaccine: association between injection
quality and immunogenicity. Vaccine 2015;33(43):5873–7. http://dx.doi.org/
10.1016/j.vaccine.2015.06.071.

[49] Geldenhuys HD, Mearns H, Foster J, et al. A randomized clinical trial in adults
and newborns in South Africa to compare the safety and immunogenicity of
bacille Calmette-Guérin (BCG) vaccine administration via a disposable-syringe
jet injector to conventional technique with needle and syringe. Vaccine
2015;33(37):4719–26. http://dx.doi.org/10.1016/j.vaccine.2015.03.074.

http://dx.doi.org/10.4161/21645515.2014.979655
http://dx.doi.org/10.4161/21645515.2014.979655
http://www.fda.gov/BiologicsBloodVaccines/Vaccines/QuestionsaboutVaccines/ucm276773.htm
http://www.fda.gov/BiologicsBloodVaccines/Vaccines/QuestionsaboutVaccines/ucm276773.htm
http://www.fda.gov/BiologicsBloodVaccines/Vaccines/QuestionsaboutVaccines/ucm276773.htm
http://www.who.int/immunization/documents/IIP2015_Module3.pdf?ua=1
http://www.who.int/immunization/documents/IIP2015_Module3.pdf?ua=1
http://www.path.org/publications/files/SafeInjPDF-Module5.pdf
http://www.path.org/publications/files/SafeInjPDF-Module5.pdf
http://apps.who.int/iris/bitstream/10665/44298/1/9789241599252_eng.pdf
http://apps.who.int/iris/bitstream/10665/44298/1/9789241599252_eng.pdf
http://dx.doi.org/10.1016/j.vaccine.2015.06.071
http://dx.doi.org/10.1016/j.vaccine.2015.06.071
http://dx.doi.org/10.1016/j.vaccine.2015.03.074

	Vial usage, device dead space, vaccine wastage, and dose accuracy of intradermal delivery devices for inactivated poliovirus vaccine (IPV)
	1 Introduction
	2 Materials and methods
	3 Results
	3.1 Delivered dose volume
	3.2 Device dead space and filling procedure wastage
	3.3 Doses obtainable per vial

	4 Discussion
	5 Conclusions
	Conflict of interest
	Acknowledgements
	References


