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Current status and future prospects
of needle-free liquid jet injectors

Samir Mitragotri

Abstract | Needle-free liquid jet injectors have been used for more than 50 years
for parenteral delivery of vaccines and drugs. Although excellent bioavailability
has been reported for a number of drugs, occasional pain and bruising have
limited wide acceptance of jet injectors. This article reviews jet injectors with
respect to their current clinical applications, emerging applications, mechanistic

understanding and future prospects.

Most vaccines and protein therapeutics

are currently delivered using needles and
syringes. Despite their common use, needle-
based methods have several limitations, such
as needle phobia’, accidental needle-stick
injury?, and re-use of needles and syringes

in developing countries® that leads to a large
number of HIV and hepatitis B virus (HBV)
cases. Several methods are under investiga-
tion for needle-free drug and vaccine
delivery®. Among these, needle-free liquid
jet injections stand out as the method with
the longest history in delivering macromol-
ecules in humans. So far, liquid jet injectors
have been used to deliver several macromole-
cules, including vaccines, insulin and growth
hormones in a large number of patients®''2,
and erythropoietin'® and interferon in a few
cases'. Jet injectors have also been used to
deliver small molecules such as lidocaine'>'¢,
midazolam' and ketamine'®. In this article
the historical development and current and
emerging clinical applications of needle-free
liquid jet injectors are reviewed. Mechanistic
considerations related to effective jet injec-
tion are discussed and the future prospects
of liquid jet injectors are considered. An
emphasis is placed on mechanistic under-
standing because this topic has not been
previously reviewed in the literature.

Jetinjection

The origin of jet injections dates back to
the late 1800s when a technique known as
aquapuncture was reported in the medical

literature®. This device was used to deliver
jets of water and other liquids for applica-
tions other than drug delivery, such as
treatment of uncontrolled neuralgia. The
modern history of jet injectors for drug
delivery began in the 1930s. Since then,
several types of jet injector have been
developed and used in clinical applications
(BOX 1). Current liquid jet injectors use a
high-velocity jet (typically >100 m s™') to
deliver molecules across the skin into the
subcutaneous or intramuscular region. The
typical diameter of the jet used in commer-
cial injectors is 76-360 pm, which is smaller
than the outer diameter of a standard hypo-
dermic needle (810 um for a 21G needle).
Jet injectors can be broadly classified into
multi-use nozzle jet injectors (MUNIJIs) and
disposable cartridge jet injectors (DCJIs),
depending on the number of injections
carried out with a single device. MUN]JIs
provide repeated injections from a single
reservoir and were once popular for mass
immunization. Today, MUN]Is are not used
in human applications; however, they con-
tinue to be used for veterinary applications.
MUNJIs have had a significant impact on the
field of jet injections and are therefore dis-
cussed in this article. DCJIs deliver a single
injection from a drug reservoir and are the
most commonly used form of jet injectors
today. Some DC]JIs are only partly disposable
(a disposable liquid reservoir in conjunction
with a non-disposable actuation mechanism)
whereas others are fully disposable (BOX 1).

Clinical applications

A number of different drugs and vaccines
have been delivered in humans using jet
injections. In this article, emphasis is placed
on three examples — vaccines, insulin and
growth hormones — because they are all
macromolecules that otherwise require
needles for their delivery, and they are
among the most important clinical applica-
tions of jet injections. Other drugs that have
been delivered in humans by jet injectors
will be mentioned only briefly.

Immunization. Liquid jet injections for
immunization were first carried out using
MUN]Is, which allowed repeated injections
of vaccine from the same nozzle and reser-
voir at a rate of up to 1,000 immunizations
per hour. They were successfully adopted
for immunizing humans using vaccines
against a large number of diseases, including
measles, smallpox, cholera, HBV, influenza
and polio®. MUN]JIs have had an especially
significant role in the efforts to eradicate
smallpox?'. The effectiveness of MUN]JIs for
immunization, as judged by seroconversion,
is at least as good as that of needle-based
immunizations. On certain occasions they
have resulted in higher seroconversion rates,
possibly due to wider distribution of the
vaccine in the body and enhanced local
reactions®. The primary drawback of
MUN]JIs has been the potential for subject-
to-subject contamination, which was
discovered through the spread of HBV?>.
Splashes of small amounts of liquid, contam-
inated with blood or interstitial fluid, on the
nozzle of the jet injector were blamed for the
HBYV spread. Recent studies with high-speed
photography of jet injection into human skin
in vitro have provided details of liquid splash
(FIC. 1), which, in its simplest interpretation,
represents liquid bouncing off the skin

and back towards the nozzle. In light of the
increased risk of contamination, the World
Health Organization recommends that
MUNJIs should not be used for immuniza-
tion until all safety issues have been resolved.
By contrast, the Centers for Disease Control
and Prevention recommend that MUN]JIs
should be used for mass immunization only
when the gains from rapid immunization
outweigh the risks of blood-borne diseases,
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Box 1 | Historical development and current status of jet injector designs

and reduces risk of contamination.

such as during pandemic influenza or
bioterrorism attacks?. Detailed protocols for
cleaning the injector have been proposed to
minimize the risk of contamination; how-
ever, their effectiveness in clinical situations
remains to be determined. To minimize the
risk of contamination, protective, disposable
devices that cover the surface of the injector
have been developed, and studies carried
out with these devices showed no risk of
contamination in a population of 22,714
participants®. The injection volumes used in
this study, however, were small (0.1-0.2 ml)
and the utility of the protection devices for
larger volumes remains to be confirmed.
Although MUN]JIs are no longer used
for routine immunizations, DCJTs are used
for both childhood and adult vaccination
at the physician’s discretion. However, the
acceptability of DCJIs for immunization has
been mixed. Some studies have reported that
DCJIs induce higher levels of pain compared
with needles”, whereas others have found
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Figure 1| Snapshots from high-speed video of jet injection of water
into human skin in vitro. The black region at the top of each image
shows the outline of a jet injector with the protrusion in the centre show-
ing the position of the nozzle. The black region at the bottom shows the
outline of human skin. The gap between the nozzle and the skin is a few
millimetres. At time t = 0, the injector is activated and a jet begins to
emerge towards the skin. The jet makes first contact with the skin at

The earliest descriptions of jet injections date back to the nineteenth century, whereas the modern
era of liquid jet injectors began in the early 1930s. Spring- or gas-powered devices were developed
for single or multiple injection applications. Spring-powered devices have the advantages of
compactness, low cost and high durability. Their disadvantages include a limited range of force and
reduced versatility. Gas-powered devices offer the advantage of sustained force generation,
greater flexibility and the capacity to deliver large volumes. Their disadvantages include
complexity and reliance on an exhaustible energy source’®. Jet injectors were first popularized in
the form of multi-use nozzle jet injectors (MUN]Is), which were introduced in the US military
between 1947 and 1965 because they offer a high rate of vaccination. MUN]Is delivered vaccines
from a single-dose vial at a rate of up to 1,000 per hour. The use of MUN]JIs decreased drastically
after evidence of contamination originating from blood and splashed liquid was uncovered.

At around the same time that MUNJIs were popularized, single-dose devices were also developed
for insulin delivery. A device called the Hypospray was introduced onto the market in 1961 for
insulin delivery®. Although Hypospray was discontinued in 1971, other devices were introduced
for single-dose administration. These injectors were non-disposable and required thorough
cleaning between injections. Disposable cartridge jet injectors (DCJIs) were introduced in the late
1990s to facilitate use and cleanliness. Clear plastic nozzles that hold the drug not only facilitated
cleanliness by clearly separating the drug from the actuation device but also helped in drug
loading. Today DCJIs remain the primary type of jet injectors in use. The latest form of DC]JIs
includes single-use, pre-filled, completely disposable injectors, which further facilitates their use

no difference between the two methods?.
Jet injectors have been associated with more
frequent local-site reactions, such as sore-
ness, redness and swelling of the injection
site, than needle-based injections>*. The
number of immunizations carried out today
with DC]JIs is far less than the number of
needle-based immunizations. High cost and
low awareness among healthcare providers
and patients also add to reduced enthusiasm
for DCJI-based immunization.

Insulin. Non-compliance with needles
among diabetic patients has been one of the
primary motivations for using jet injectors
(specifically DCJIs) for insulin delivery.

In addition, jet injections are thought to be
easier to use for patients with impaired motor
skills. Jet injectors hold special significance
in the field of diabetes management. They
represent the first commercial needle-free
method for insulin delivery and the only
such method until the recent FDA approval
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of inhaled insulin. Insulin delivery by jet
injections is as effective as needles, as judged
by control of blood glucose levels***2. A more
rapid increase in plasma insulin levels is
typically observed with jet injections®*,
possibly due to better dispersion of insulin
at the site of injection than with needles™.
A large number of insulin doses have been
administered by jet injection to diabetic
patients, although the exact number is dif-
ficult to track. It is clear, however, that the
number of patients using jet injectors is far
less than those using needles and syringes.
The major concern with jet-injected
insulin has been variable adverse reactions.
Some studies have reported no local reac-
tions after jet injections of insulin®, whereas
others have reported significant reaction,
including immediate pain, delayed pain,
bleeding and haematomas®. Bruising and
bleeding have been reported in about 30% of
insulin injections in some studies'. Several
studies have concluded that jet injections
are no less painful than needles”, leading
to mixed acceptance among patients®>*.
Studies have also reported difficulties with
the proper use of jet injectors among young
diabetic children®. Improper functioning of
the device can lead to ‘wet’ injections in which
the jet is not able to properly penetrate the
skin, or can lead to bruising and pain if the jet
penetrates excessively deeply into the body.

Growth hormones. Jet injectors have had

a significant impact on the delivery of
growth hormone, more so than on any other
therapeutic drug. The target population for
growth hormone delivery is juvenile, thereby
increasing the appeal of needle-free liquid
jet injectors. A higher and earlier maximum
blood concentration was found after jet
injection of recombinant human growth
hormone compared with needle injections*.
Jet-injected and needle-injected recom-
binant growth hormones were found to be
bioequivalent with respect to the amount

5ms
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160 ps. The initialimpact of the jet on the skin produces some splash. The
typical volume of the liquid splashed in the image at 400 ps is around 100
nl. The jet subsequently assumes a tight cylindrical form and deposits the
liquid into the skin. Deposition of liquid causes the skin to bulge, which
is evident at 2-5 ms. More than 90% of the ejected fluid is deposited in
the skin under these conditions. The occurrence and extent of the bulge
depends on injection volume. Images courtesy of J. Baxter.
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absorbed* but not the rate of absorption.
Acceptability of jet injections of growth
hormone has been mixed, like insulin: some
studies have reported good tolerance of jet
injections®, whereas others have reported
more bleeding, pain, soreness and bruising
than with needles'"'2. A study conducted on
juveniles found jet injections to be less pain-
ful (including both frequency and intensity
of pain) than a 28G needle; however, the
prevalence of visible bruises was higher with
jet injections than with needle injections*.

Other drugs. Several other small-molecule
and macromolecular drugs have been
delivered using jet injectors. The broad use
of jet injectors is due to the fact that they
can work with formulations developed for
needle-based injections, thereby minimizing
the barrier to new applications. Anaesthetics
such as lidocaine have been commonly
delivered using jet injections**-** for various
applications, including dental procedures,
dermal surgical procedures and peripheral
intravenous cannula insertion. Jet-delivered
anaesthetic is generally found to be equiva-
lent to needle-based injections in terms of
effectiveness and better than needle-based
injections in terms of acceptance. Sedatives
such as midazolam have also been delivered
using jet injections* and have produced
pharmacological effects equivalent to
needle-based injections. Jet injectors have
also been used for local delivery of steroids
directly into the lesion for treatment of
scars”. Intralesional bleomycin has also
been safely and effectively used for treat-

ing keloids and hypertrophic scars that

are unresponsive to intralesional steroid
therapy*. A study also reported on the use
of jet injectors for delivering alprostadil for
erectile dysfunction in humans®, although
this study reported that jets produced more
pain and bruising and were less effective
than needles. Among protein drugs, jet
injections have been used to deliver erythro-
poietin® and interferon' in humans. Other
macromolecules, such as low-molecular-
weight heparin® for treatment of deep vein
thrombosis and botulinum toxin® for the
treatment of plantar hyperhidrosis, have also
been delivered by jet injections in humans.

Emerging applications

More recently, jet injections have been
actively sought for the delivery of DNA-
based therapies for various applications™.
Direct jet injection of naked DNA into
tumours in mice has led to tumour
regression®**. Intratumoural injection of
volumes as low as 1.5-10 pl containing
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Box 2 | Fluid dynamics of jet formation and penetration

Impingement of the piston on the drug reservoir in the nozzle of a jet injector increases its pressure
from the baseline level to a peak level of ~4,000 psi in less than 0.5 ms. This high pressure forces the
liquid through the nozzle at velocities exceeding 100 m s™. The jets used in commercial injectors are
typically turbulent with Reynolds numbers (a product of jet diameter, velocity and density divided by
viscosity) in the range of tens of thousands. Pressure in the nozzle decreases gradually during skin
penetration and steps down suddenly when the entire drug is ejected. The duration of injection is
proportional to its volume but the overall jet properties (pressure in the chamber and average jet
velocity) are not affected by the amount of liquid loaded in the nozzle. The diameter of the jet is
comparable to the nozzle diameter.

The structure of a turbulent jet consists of two significant regions: the initial region within which
the fluid travels at the exit velocity; and the main region in which the velocity decreases due to jet
expansion’’”°. The impact of the jet on the skin initiates hole formation in the skin and the velocity
of the jet continues to decrease as it travels through the hole. Backflow of the jet is observed
during hole formation if the volumetric rate of hole formation in the skin is smaller than the
volumetric flow rate of the jet liquid into the skin. Backflow from the hole further slows down the
jet entering the hole and decreases the capacity of the jet to penetrate deep into the skin. Beyond
a certain depth, the velocity of the jet arriving at the progressive end of the hole drops below the
value necessary for hole formation. The hole depth is essentially established at this time. Stagnation

manner around the hole.

naked DNA has been used for this purpose®.
Jet injections have also been used to deliver
DNA encapsulated in synthetic or viral
vectors. For example, delivery of recom-
binant adeno-associated virus by jet
injection into subcutaneous tumours in
mice has been shown to be effective against
tumours™. Numerous studies have reported
the use of jet injection for DNA vaccination
in animals®**. The use of jet injectors for
DNA vaccination is particularly motivated
by the immune competency of skin, espe-
cially owing to the presence of Langerhans
cells. Jet injections have also been used in
combination with other methods such as
electroporation for gene delivery™. Jet-
mediated gene delivery is also attractive for
the treatment of disorders of keratinocytes,
the primary cell type in the epidermis®.

Mechanistic considerations

Physical mechanisms of jet penetration into
skin. Although jet injections have been used
for the past 60 years®' and continue to be
researched for new applications, studies on
their mechanisms are emerging only now®* .
Skin is a non-homogenous, anisotropic
material containing various structures of
different sizes including the epidermis, which
is responsible for skins barrier function, and
the dermis, which is largely responsible for
skin's mechanical properties. Accordingly,
detailed characterization of events during jet
injection is a difficult task. Nevertheless, recent
studies have provided significant insight
into the mechanisms of jet injections®®+.
Studies have also shed light on the complex
fluid dynamics in the injector and in the skin
(BOX 2). Mechanistic studies discussed here

pressure of further incoming jet at the end of the hole disperses fluid in a near-spherical

have been largely performed in vitro using
excised skin models. Although it has been
suggested that in vitro skin is a reasonable
model for in vivo skin®, complete evaluation
of the relevance of in vitro experimental
models needs further consideration.

It is now clear that the impinging jet
punctures the skin through erosion and/or
fracture mechanisms leading to a clearly
identifiable hole® (FIC. 2). Directly visualizing
the jet-induced hole is difficult because it is
both small and tortuous, as a result of the jet's
passage through the non-homogenous layers
of the skin; in addition the elastic properties
of the skin tend to cause the hole to close on
cessation of the jet. Nonetheless, recent studies
have made significant progress in measuring
the depth® and cross-sectional shape® of
the hole. The dimensions of the jet-induced
hole are established very early during the
injection (a few hundred microseconds after
jet impingement on skin) and the terminus
of the hole provides a stagnation point for the
impinging jet to disperse the rest of the liquid
in a near-spherical pattern. Depending on
the type of injection (intradermal, sub-
cutaneous or intramuscular) the fluid is
deposited primarily in dermis, subcutane-
ous tissue or muscle. The dermis consists
primarily of a matrix of collagen fibres®” and
deposition of liquid by the jet increases the
total volume of the skin, causing it to bulge.

Important jet and skin parameters. Jet-related
processes are known to depend on several
jet parameters including nozzle diameter,
velocity and stand-off distance (the distance
between the nozzle and the surface)®®7'.

The quality of jet injection also depends on
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Figure 2 | Schematic depiction of the jet injection process. a | Impact of a piston on a liquid reser-
voir in the nozzle increases the pressure, which shoots the jet out of the nozzle at high velocity (velocity
>100 ms™). b | Impact of the jet on the skin surface initiates formation of a hole in the skin through
erosion, fracture or other skin failure modes. ¢ | Continued impingement of the jet increases the depth
of the hole in the skin. If the volumetric rate of hole formation is less than the volumetric rate of jet
impinging the skin, then some of the liquid splashes back towards the injector. d | As the hole in the skin
becomes deeper, the liquid that has accumulated in the hole slows down the incoming jet, and the
progression of the hole in the skin is stopped. The dimensions of the hole are established very early in
the process (a few tens of microseconds) from the time of impact. Stagnation of the jet at the end of the
hole disperses the liquid into the skin in a near-spherical shape.

these parameters. Penetration depths of
jets into human and animal skin under a
few selected jet conditions have long been
reported in the literature’”; however, a
systematic evaluation of jet penetration
under a wide variety of conditions has only
recently been attempted®’.

Completeness of injection (percentage
of ejected liquid that is deposited in the
tissue) depends primarily on jet velocity
and nozzle diameter. Often, a threshold
velocity is required to observe detectable
penetration into human skin, the value of
which depends on nozzle diameter and
skin properties. Beyond this threshold,
the degree of completeness increases and
approaches 100% at velocities typically used
in commercial injectors. For example, at
anozzle diameter of 152 um, greater than
90% delivery was observed in human skin
in vitro at a velocity of around 150 m s
(REF. 62). At a constant velocity (140-160
m s™'), near complete delivery (>90%) was
observed for nozzle diameters in the range
of 152-229 um®*. Slightly reduced complete-
ness (~80%) was observed as the nozzle
diameter increased or decreased beyond this
range®. Penetration depth of jets has also
been studied over a range of nozzle diam-
eters (31-559 wm) and velocities (115-200
m s')*. Depending on the jet parameters,
the dispersion occurs shallow in the skin
(<<1 mm), deep in the skin (~2-4 mm) or
beyond the dermis. These numbers corres-
pond to low injection volumes (<100 pl)
and will change if larger volumes are used.

Different combinations of jet exit velocities
and nozzle diameters can yield the same jet

dispersion pattern. Although neither jet
velocity, U, nor nozzle diameter, D, are suffi-
cient to completely characterize the outcome
of a jet injection, a combined parameter,

exit jet power (P) effectively describes the
performance of jet injectors, and is shown in
equation 1 (REF. 64):

P= %npD2U5 (1)

The existence of a lumped parameter
that describes jet penetration brings out the
interplay between jet velocity and nozzle
diameter. A tenfold increase in P increases
jet penetration into human skin by one
millimetre in vitro. Jet delivery also showed
a systematic dependence on jet power.
Completeness increased linearly with jet
power and exceeded 90% at P ~30 W at
a constant stand-off distance of 1 mm®
(FIC. 3a). The penetration profile of the jet in
the skin also scales with jet power (FIC. 3b).

The skin’s mechanical properties also
have a strong influence on jet penetration.
Several mechanical properties of skin,
including Young’s modulus (a measure of
the stiffness of the skin), critical stress for
failure (stress required to rupture skin),
fracture toughness and hardness, might
have important roles in determining jet
penetration. The dependence of penetra-
tion and completeness of injection on skin’s
Young’s modulus has been experimentally
measured®. Penetration depth and
completeness decreased with increasing
Young’s modulus®. A threefold increase
in skin’s Young’s modulus decreased the
completeness of injection from near 100%
to a mere 10%®.

Drug stability. Drugs are exposed to high
shear stresses during injection. Although
this is not an issue for low-molecular-weight
drugs, it can adversely affect the structural
integrity of proteins, vaccines and DNA.
The velocities in the nozzle are substantially
higher than those in a needle during conven-
tional injections. Furthermore, the diameter
of the nozzle is significantly smaller than
that of a conventional needle. Collectively,
these factors indicate that the shear stresses
experienced by drugs inside a jet nozzle are
significantly higher than those in a needle.
However, the drugs experience high shear
in jet injectors for a much shorter period
than they do in a needle. Detailed studies are
therefore necessary to characterize shear-
induced damage in the jet injector. A large
body of literature on successful delivery of
proteins and DNA, however, suggests that
drug disintegration in jet injectors is not an
overwhelming concern.

Future prospects

Needle-free liquid jet injectors have had

a significant impact on drug and vaccine
delivery. They hold a prominent place in
history as an important component of mass
immunization programmes and as the first
large-scale needle-free method for mac-
romolecule delivery. Jet injectors (DCJIs)
provide an attractive alternative to injec-
tions. For many needle-phobic patients, they
reduce anxiety and offer a preferred mode of
delivery. They also eliminate issues related
to needles such as accidental punctures and
sharps disposal. Compared with other nee-
dle-free approaches such as patches, sprays
and pills, jet injectors offer an advantage
that they can operate with existing formula-
tions designed for needle-based injections.
This brings significant cost savings through
reduced times of development and clinical
trials. However, needle-free liquid jet injec-
tors, despite more than 50 years of clinical
use, have not reached their full potential.
Several factors contribute to this: occasional
pain, discomfort and local reactions®7%,
inconvenience of use compared with
injections and cost.

Limitations of current jet injectors should
provide guidelines for future research and
development. Fundamental in vitro studies
have shown significant variability in jet pen-
etration depending on skin properties®>. The
largest source of variability is likely to be the
mechanical properties of the skin, which has
a significant role in the outcome of jet
injections. Strategies are required to coun-
teract this variability and obtain consistent
injections. The development of such
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Figure 3| Dependence of jet penetration on jet parameters. a| Dependence of the volume of jet
penetration into human skin on power (see REF. 64 for methods). The percentage of ejected liquid
(80 pl) that enters the skin increases with increasing power and plateaus at ~30 W.b | The penetration
depth into the skin also depends on jet power. At very low powers (1.5 W) the jet shows extremely
shallow penetration (few tens of pm). As the power increases the jet exhibits a hemispherical (9.3 W)
and spherical dispersion pattern (37.1 W) in the skin. The actual penetration depth and profile will
depend on other parameters, such as ejection volume and stand-off distance, which were held
constant in this experiment. Reproduced, with permission, from REF. 64 © (2004) Elsevier.

strategies requires a better understanding
of the fundamental mechanisms of jet
injections. Particular emphasis should be
placed on understanding which mechanical
properties of the skin affect jet injections.

A predictive model describing this
phenomenon will also prove valuable.

The occasional pain and bleeding
associated with jet injectors also needs to be
addressed. The origin of occasional pain is
not clear. It is possible that occasional pain
and bleeding are associated with variability
in a jet’s penetration depth. Deep penetra-
tion of jets could result in interactions with
nerves and blood vessels in the dermal and
sub-dermal layer. By restricting jet penetra-
tion to the superficial layers of skin, direct
interactions with nerves or blood vessels
might be potentially minimized. It is also
possible that variability in pain is associated
with lateral density of nerves and blood
vessels. In that case, the use of smaller nozzle
diameters could prove helpful.

Currently, there are few differences
among the jet parameters used in various
commercial jet injectors. The majority use
nozzle diameters in the range of 150-300
um and velocities in the range of 100-200 m
s”'. More studies are necessary to explore jet
performance outside this range. Particular
attention needs to be focused on using
smaller nozzle diameters. Reports indicate
that patients prefer smaller nozzles, possibly
because they are associated with reduced
adverse effects'’; however, mechanistic

studies show compromised completeness
with smaller nozzles®. Efforts should
therefore focus on achieving complete
delivery using smaller-diameter nozzles.
Simultaneous reduction of injection volume
is also likely to reduce the occurrence of
deep penetration. Low-volume injections
are especially attractive for immunization
because they naturally target vaccines to

the superficial skin layers, which have

a high concentration of immune cells”.
Furthermore, use of low-volume injections
also helps in conserving vaccines, a factor
that could become important during vaccine
shortage. Several additional fundamental
questions need to be addressed through
further research. For example, the effects of
jets on skin at a cellular level are not known.
This question is especially relevant in light
of the proposed applications of jet injections
in genetic immunization.

The design of jet injectors has evolved
significantly during the past decade (BOX 1).
The introduction of clear, plastic nozzles
in DCJIs and fully disposable, pre-loaded
devices are perhaps the most notable
developments. However, further improve-
ments in jet injector designs are essential to
address some of the limitations of existing jet
injectors. Newer devices that offer temporal
control over injection parameters such as
pressure and velocity and produce consistent
results despite person to person variation
in skin properties are likely to improve the
overall quality of injections.
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On page 453, information summarizing the efficacy of ranolazine in the ERICA trial was reported incorrectly. The correct
information is:

Statistically significant decreases in angina attack frequency and nitroglycerin use were observed in the ranolazine group
compared with the placebo group (mean number of attacks/week = 3.3 and mean number of doses of nitroglycerin/week =
2.7 compared with 4.3 attacks/week and 3.6 doses of nitroglycerin/week, respectively)®.
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