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1. Introduction

A recent commentary in this journal proposes looking beyond
polyethylene glycols (PEG) when investigating anaphylactic reac-
tions to mRNA COVID-19 vaccines [1]. It suggests examining other
ingredients in those vaccines as potential causes of anaphylaxis.
We agree with the need to broaden the scope when investigating
vaccine adverse reactions, but we propose going beyond vaccine
ingredients. A recent study reported that 581 people with anaphy-
laxis histories from previous vaccine shots did not develop anaphy-
laxis after receiving the Pfizer/BioNTech mRNA COVID-19 vaccine
[2], suggesting that the vaccine ingredients might not always be
the cause for anaphylaxis associated with this vaccine. While both
active and inactive ingredients of a vaccine may be the cause of
some adverse reactions, another possible cause to consider is sub-
par quality of the individual vial.

We suggest taking the quality of individual vaccine vials into
account in an adverse reaction investigation, i.e., a serious adverse
reaction, anaphylaxis or other types, might be caused by one defec-
tive vial out of many good-quality vials. An argument for this pos-
sibility is that vaccine adverse reactions are not always
reproducible on re-exposure [3], which hints at an element of
chance. For example, a recent retrospective study found that 159
patients who had immediate reactions to the first dose of mRNA
COVID-19 vaccines, including 19 individuals with anaphylaxis
after the first-dose, tolerated the second dose [4]. The reason for
this is unclear at this time. It is not inconceivable that the first
and second doses may respectively involve vials of different qual-
ity, and therefore elicit different responses from a person. When
the defect rate is low, it is highly unlikely that a given person will
receive two bad doses in a row. For example, if the defect rate is 1
per 10°, the probability that a given person receiving two bad
doses is 107°.

Indeed, focusing entirely on vaccine ingredients in adverse reac-
tion investigations may leave an investigation unsolved when
good-quality ingredients are not the cause. In Sweden, high counts
of narcolepsy were noticed after immunization with Pandemrix
(an HIN1 influenza vaccine) in 2009 [5]. Investigations that
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focused on the adjuvant in Pandemrix failed to establish a causal
link between narcolepsy and the adjuvant [6]. To this date, the
cause has not been identified [7]. The culprit might have been a
few defective vials in the batch delivered exclusively to Sweden
rather than the adjuvant or other ingredients. Collecting quality
data on every vial before injection might have prevented those nar-
colepsy incidents, but such a practice is not currently in place. In
fact, the current quality control system for vaccines is not well
equipped to catch a few defective vials among many good-quality
ones unless the defects are visible to human eyes.

In this commentary, we introduce an emerging noninvasive
inspection technology—water proton nuclear magnetic resonance
(wNMR)—that could be used for fast and reliable quantitative
inspection of sealed and labelled vials of liquid drug products.
wNMR could be used to quantitatively inspect every vial before
product release at the production site, before injection at the vac-
cination site, and anywhere in between. We discuss vials in this
commentary, but other primary containers for liquid drug products
such as syringes, pens, bottles, etc., could also be inspected by
wNMR.

2. The current system for vaccine quality control

Quality control (QC) for vaccines and drugs is conducted at the
batch level, not at the individual vial level. Specifically, extensive
quantitative testing is conducted at each and every step of vaccine
manufacturing, up to the point of the purified bulk drug substance
(DS). The DS then goes through the fill-finish unit operations to
become the drug product (DP), i.e., the sealed and labelled vials
ready for distribution. At the DP level, not all vials in a batch are
tested quantitatively because testing requires opening sealed vials
and drawing out the content for analysis. Once a vial is opened or
punctured, its integrity is compromised and therefore is no longer
suited for release. Consequently, quantitative invasive testing is
performed only on a small fraction of finished vials in each batch,
a process called statistical sampling.

The current QC system collects data on none of the released
vials. Therefore, the quality of released vials is inferred from the
quality of the few randomly selected vials opened and tested at
the production site [8]. Such a QC system operates on the premise
that all vials in a batch are the same, or sufficiently alike, when
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manufactured and remain the same all the way to injection. But all
vials are not the same due to manufacturing and handling variabil-
ities. Many factors, starting from the fill-finish unit operations and
throughout the distribution process, may affect product quality at
the individual vial level, and these could be overlooked in batch-
level QC.

3. All vials are not the same due to manufacturing and handling
variabilities

3.1. Manufacturing variability

No two objects can be made identical, be they two light bulbs,
two cars, or two vials of a vaccine; there is always some object-
to-object variability. Of course, variability does not necessarily
mean defective products; it depends on the type and extent of vari-
ability. Pharmaceutical manufacturing, in general, is not very pre-
cise, at a level of 2-3c, with 26 quality corresponding to 308,537
defects per 10° opportunities [9]. The precision for vaccine manu-
facturing may be even less than 2-3c because vaccine manufactur-
ing is more complex than most pharmaceuticals, rendering
manufacturing errors more likely. With this level of manufacturing
precision, it is up to the QC system to detect and remove defective
intermediates and final products.

The current QC system is well-equipped to catch defects that
occur before the fill-finish unit operations, but it may miss defects
that occur at the fill-finish unit operations and beyond. Starting
from the fill-finish unit operations, the quality of individual vials
might diverge. For example, in 2013, a fill-finish error caused the
insulin level in 0.14% insulin pens in multiple batches to deviate
from the target value by up to +50% [10]. There was at least one
report of a serious adverse reaction associated with one of the
recalled batches [11]. Four weeks later, 33 batches of 3.3 million
insulin pens were recalled [10].

The frequency or degree of meeting the quality standards in
manufacturing is often not measured, reported, or made publicly
available [9]. It would be unrealistic to expect a zero defect rate
for any vaccine or drug product. The smaller the defect rate, the
more likely the defective vials will escape sampling-based QC
and get released. The 0.14% error rate (1,400 per 10°) that occurred
in the fill-finish unit operations of the insulin product is not very
low but nonetheless evaded detection. However, if every insulin
pen was quantitatively inspected before release using noninvasive
analytical technologies, such as WNMR, individual pens with filling
errors above a preset acceptable level could have been detected
and removed from the batch [12].

3.2. Handling variability

Once deemed releasable by QC testing, a batch of vaccines will
go through the distribution process to reach vaccination sites. For
some vaccines, there are additional handling procedures right
before injection. For example, both the Pfizer/BioNTech and the
Moderna mRNA COVID-19 vaccines require thawing before injec-
tion, and the Pfizer/BioNTech vaccine further requires dilution
after thawing. In mass vaccination programs, handling variability,
including mishandling of various types, is hardly avoidable. The
most extreme examples of COVID-19 vaccine mishandling include
intentionally leaving vaccines outside the freezer in Wisconsin
[13], and unintentionally vaccinating people with expired vaccines
in New York [14]. Less extreme but much more common mishan-
dling is cold chain breaches.

Most vaccines require cold chain for distribution. The regular
cold chain is 2-8 °C. However, some vaccines require more strin-
gent cold chains. For example, the Pfizer/BioNTech and Moderna
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mRNA COVID-19 vaccines, respectively, require —70 °C and
—20 °C for distribution. Cold chain breaches, in general, are not
rare. In 2012, the Inspector General of the Department of Health
and Human Services issued a report entitled “Vaccines for Children
Program: Vulnerabilities in Vaccine Management” [15]. The report
identified multiple vulnerabilities in the distribution of vaccines
for children (VFC) in the United States. Key findings include that
76% of providers had exposed VFCs to inappropriate temperatures
for at least 5 cumulative hours in a 2-week period. All 45 providers
had recorded temperatures that differed from independently mea-
sured temperatures during the 2-week period. Another study pub-
lished by industry scientists in 2018 also found that exposing
vaccines to incorrect storage temperature is not rare in the US
[16]. Cold chain breaches do not necessarily make a vaccine vial
defective; it depends on the temperature and exposure duration.
Although the U.S. has many checks in place, without quantitative
inspection of individual vials before injection, it is impossible to
know whether any vial has become defective.

In addition to cold chain breaches, other types of handling vari-
ability are also hard to avoid. Examples include agitation during
transportation, exposure to sunlight during storage, duration of
thawing, precision of dilution, etc. The cumulative effects of man-
ufacturing and handling variabilities may lead to significant vial-
to-vial variability at vaccination sites.

3.3. Vial-to-vial variability at vaccination sites

Manufacturing variability occurs before product release while
handling variability occurs between product release and injection.
These two variabilities combined may render the vaccine vials in a
batch sufficiently different at vaccination sites, i.e., vial-to-vial
variability. In our own work, we demonstrated the effectiveness
of WNMR to detect freezing variability among vials from the same
carton of aluminum-adjuvanted vaccines [17]. Of course, freezing
variability may or may not translate into differences in safety
and efficacy. The observation simply shows that vial-to-vial vari-
ability indeed exists.

A recent example of vial-to-vial variability is that 39 vials of the
Moderna mRNA COVID-19 vaccine were found to contain foreign
materials at multiple vaccination sites in Japan [18]. Three men
died within days after receiving their second dose of the vaccine.
On September 10, 2021, a Japanese Health Ministry panel stated
that it does not have enough information to determine whether
there is a causal link between the three deaths and the vaccine
[19]. Moderna recalled three lots of the vaccine and issued a state-
ment saying that the most probable cause of the foreign materials
were a result of friction between two improperly aligned machin-
ery components during manufacturing, and this caused stainless
steel particulates to end up in some vials [20]. It appears, the
affected vials were only distributed to Japan.

Fortunately, in this case, the foreign materials, millimeter in
size, were large enough to be visible to the human eye so that they
were caught at vaccination sites. But how they escaped pre-release
visual inspection is puzzling. Moreover, not all defects are visible to
the human eye. If visible defects can escape QC detection, the
chance of subvisible defects escaping QC detection is likely even
higher. Some subvisible defects, such as a wrong dose, might occur
before product release, while other subvisible defects, such as frag-
mented or aggregated ingredients, might emerge after product
release. Quantitative inspection of every vial before injection may
help to catch defective vials and thereby prevent some adverse
reactions.

If vial-to-vial variability indeed plays a role in vaccine adverse
reactions, then the complexity of the distribution and handling
procedures might affect the rate of adverse reactions. The rationale
is that more complex procedures might lead to greater product
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variability at vaccination sites. For the two mRNA COVID-19 vacci-
nes, the anaphylactic reaction rate was 4.7 and 2.5 per 10° doses,
respectively, for Pfizer/BioNTech and Moderna vaccines [1]. This
might be due to ingredient differences between the two vaccines.
But it is also possible that the higher anaphylactic rate of the Pfi-
zer/BioNTech vaccine is due, at least in part, to its more stringent
cold chain requirement (—70 °C) and more complex handling pro-
cedure (dilution before injection). The fact that 19 people who
developed anaphylaxis after the first dose of the mRNA COVID-
19 vaccines could tolerate the second dose [4] also suggests that
vial-to-vial variability might be at play. As mentioned earlier, prob-
abilistically, it is unlikely that the same person would receive two
bad doses in a row.

4. The case for vial-level QC

4.1. Defective products and sensitive populations together may result
in adverse reactions

As discussed above, all vials are not the same; some might be
defective. But not all defective vials will cause adverse reactions.
Depending on the severity and nature of the defect, defective vials
might only cause adverse reactions in some people (sensitive pop-
ulations), but not in all people. In other words, adverse reactions to
vaccines and drugs might be the result of both vial-specific and
person-specific factors.

A prior occurrence of this type was during a clinical trial of the
erythropoietin analog HX575 for treating anemia. Of the 174 par-
ticipants receiving HX575, two developed neutralizing antibodies
against erythropoietin, an endogenous glycoprotein. Of the two
participants, one developed pure red cell aplasia and one died of
myocardial infarction. The trial was terminated [21]. Later studies
revealed that the adverse events were likely caused by a combina-
tion of participant and product variability [22]. Only some partici-
pants carried certain DNA alleles that caused them to be sensitive
to protein aggregates, and the protein aggregates were only pre-
sent in some of the pre-filled syringes of the drug. In fact, the vari-
ation of protein aggregate level in the syringes ranged from below
the detection limit up to 5%. It appears that a few outlier syringes
caused harm in a few sensitive individuals. This highlights the need
for vial-level QC.

4.2. Random and latent occurrences of product defects are difficult to
catch

The case of the erythropoietin analog HX575 is instructive in
another way: it took over six months for the aggregates to reach
detectable levels [23]. Hence the defect was not only random,
i.e., varying from syringe to syringe, but also latent, i.e., emerging
long after product release. Although this specific example is a ther-
apeutic protein, there is no reason to preclude random and latent
defects from happening to vaccines. In the absence of vial-level
quality data at the point-of-care, severe adverse reactions caused
by random and latent product defects are hard to prevent before
injection and hard to investigate after injection.

4.3. Batch-level QC restricts vaccine adverse reaction investigations

Because there is no data on individual vials, the current para-
digm in vaccine adverse reaction investigations is to treat people
individually but vaccine vials collectively. Specifically, if person X
is vaccinated with vial Y of vaccine Z and develops a serious
adverse reaction, the investigation will examine the specific biology
of person X and commonalities of all vials of vaccine Z, such as PEG
in mRNA COVID-19 vaccines. The possibility that vial Y is defective
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and thereby causes the adverse reaction is typically not considered
because there is no data on vial Y.

Lack of data on individual vials forces the investigation to oper-
ate under the assumption that person X will develop an adverse
reaction to vaccine Z no matter which vial is used. The investiga-
tion will then sample unused vials from the same batch; vial Y is
left out of the investigation because it is already gone with no data
on its quality left behind. If the sampled, unused vials from the
same batch as vial Y were found to be of good quality, the investi-
gation may then conclude that there is no evidence of causal link
between the adverse reaction and the vaccine. Bach-level QC is
not equipped to address directly whether a specific adverse reac-
tion is caused by a defective vial of vaccine.

In essence, lack of vial-level quality data biases vaccine adverse
reaction investigations towards the commonalities of all vials, such
as the ingredients, and ignores the peculiarities of individual vials,
such as defects. It is worth putting this bias into perspective. For
the two mRNA COVID-19 vaccines, unless the defect rate of the Pfi-
zer/BioNTech and Moderna vaccines at vaccination sites is known
to be markedly lower than 4.7 and 2.5 per 10°, respectively, there
is no a priori reason to ignore the possibility that the anaphylactic
events were caused by defective vials. Focusing solely on common-
alities of all vials may lead the investigation to a dead-end as it was
in the above case of high counts of narcolepsy in Sweden after
immunization with Pandemrix [5].

4.4. Recalls lead to massive vaccine wastage

When a few vials in a batch are found to be defective, often the
entire batch cannot be used. Sometimes, additional batches are put
aside out of precaution. One example is the Moderna mRNA COVID
vaccine in Japan, where 39 vials in one lot were found to contain
foreign materials. Not only was this lot recalled, but two other lots
were also recalled. The reason is that the three lots were manufac-
tured around the same time and on the same manufacturing line
[18]. In total, 1.63 million doses were recalled because 39 vials
were found defective. Such extreme precaution, although under-
standable, leads to a huge amount of wastage. It is possible that
only a small fraction of vials in these lots are defective; the rest
might be perfectly fine. For example, in the insulin pen recall, only
0.14% of pens had wrong doses [10]. The consequence was that
99.84% of 3.3 million pens ended up wasted. Vial-level data hold
the potential to pinpoint which vial is defective and which is not,
and thereby prevent such wastage.

5. Enhancing vaccine quality control through quantitative
noninvasive inspection

At its core, the current paradigm in adverse reaction investiga-
tions, treating people individually but vaccine vials collectively,
stems from our ability to collect quantitative data on every person,
but inability to collect quantitative data on every vial. With no data
on individual vials, one has no choice but to treat vaccine vials col-
lectively; the decision to accept or reject vaccine vials is at the
batch level, not at the vial level. In the case of severe adverse reac-
tions, it is hard to draw definitive conclusions based on batch-level
data. Without vial-level data, an element of guess and chance
becomes unavoidable.

Our current inability to collect quality data on every vial is pri-
marily because the analytical technologies for quality assessment
are invasive; data collection compromises the DP integrity. To
build a more robust QC system, noninvasive inspection technolo-
gies that maintain DP integrity are needed, i.e., technologies that
can collect quantitative data on sealed and labelled vials without
damaging the DS inside the vials. To collect data on millions and
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even billions of vials at both manufacturing and vaccination sites,
the technologies also need to be fast, affordable, robust, and easy
to use.

These requirements constitute a tall order. Hence, it is worth
pointing out what is not needed from the noninvasive inspection
technologies. These technologies are used to detect DP defects that
occur after the fill-finish unit operations, i.e., after the quality of
the bulk drug substance has been assured by invasive analytical
technologies. For finished vials, what is needed from such tech-
nologies is a quick accept/reject decision, with the criteria preset
through prior validation/calibration using invasive technologies.
There is no need for such noninvasive inspections to provide chem-
ical and biological details when outlier vials are detected; those
details can be provided by invasive analytical technologies on vials
‘flagged’ by noninvasive inspection technologies, which may take a
long time.

6. Water proton NMR: An emerging noninvasive inspection
technology

In wNMR, the signal source is from the water protons, like a
medical MRI. However, unlike medical MRI, which involves large,
expensive equipment and complex, time-consuming procedures,
wNMR uses compact inexpensive equipment and simple proce-
dures that take seconds in most cases. We have applied wNMR to
noninvasively inspect marketed vaccines and insulin products
[12,17,24]. wNMR is still at its early stages and it will take signifi-
cant engineering efforts to make wNMR suited for inspecting mil-
lions to billons of vials. Of course, other noninvasive inspection
technologies based on different principles may also be developed.

7. Path forward

Enhanced QC based on vial-level data may facilitate vaccination
programs and help to overcome vaccine hesitancy. We are still a
long way from collecting data on every vial of a vaccine. There
are technical, financial, and regulatory issues to be resolved. The
situation is somewhat analogous to taking the genetics or biomark-
ers of every person into account, which also has technical, finan-
cial, and regulatory issues. As we progress toward precision
medicine and vaccination, the point-of-care collection of data on
every person and every vial may eventually become the norm.

A potential starting point is a clinical trial that collects data on
every vial before injection. By matching genetic and outcome data
on every person with quality data on every vial, a better under-
standing on vaccine safety and efficacy might be achieved. While
results from one clinical trial might not be generalizable to all vac-
cines, they nonetheless may demonstrate the benefit of inspecting
every vial before injection and thereby can spur further develop-
ment in noninvasive inspection technologies and their
implementation.

For vaccine developers, collecting data on every vial before
injection may help prevent giving trial participants subpar or even
defective vaccines, which may improve trial success. For example,
wNMR can readily detect aggregates in therapeutic protein formu-
lations [25]. The clinical trial of the erythropoietin analog HX575
might have been saved had the protein aggregate level in every
syringe been quantified before injection.

This commentary highlights the limitations of current vaccine
quality control and adverse reaction investigations. Our intent is
to raise awareness and spur development. We are not suggesting
that vaccination programs be halted until quality data on every vial
are collected. A society functions with what it has and progresses
by recognizing and then overcoming its limitations. For vaccine
QC and adverse reaction investigation, the starting point for
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improvement, in our view, is recognizing gaps in our knowledge,
be it a person’s biology or a vial's quality, and then developing
enabling technologies to bridge those gaps. For governments and
international organizations, investment in enabling technologies
for enhanced QC might help to alleviate vaccine hesitancy and
could be an integral part of pandemic prevention and control
strategy.
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