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ABSTRACT 

The emergence of SARS-CoV-2 variants with a high degree of transmissibility and spread globally, even in areas with high vaccinations 
rate, spot concern about vaccine breakthrough infections by newly emerging variants worldwide. Data regarding SARS-CoV-2 vaccine 
breakthrough infections are scarce in Iraq. We aimed to evaluate SARS-CoV-2 breakthrough infection in our population following five-
month since the first administration of COVID-19 vaccines in March 2021. We prospectively studied breakthrough infections among 
referred patients at the Erbil central public health laboratory, from August 1, 2021, to February 28, 2022. Relevant demographic and 
clinical information were collected alongside PCR testing, measuring Ct value and variant detection by Real-Time RT-PCR. The study 
comprised 30759 eligible participants, 22682 (73.7%) unvaccinated and 8067 (26.2%) vaccinated. Totally 2133 participants confirmed 
positive for SARS-CoV-2, with a 6.9% overall positivity rate. Among vaccinated participants, 933 (11.6%) vaccine breakthrough 
infections have been identified. A significant difference (p ˂0.01) in PCR cycle threshold values was observed between vaccinated and 
non-vaccinated people. Vaccine breakthrough infection was detected with all three current authorized vaccines in Iraq. A variant study 
revealed Delta B.1.617.2 and Omicron (BA1, BA2) as causes of vaccine breakthrough infections, with dominance at different time 
points. Study results conclude that as population immunity levels increase by vaccination, vaccine breakthrough infections increase in 
parallel. Most of the breakthrough infections in Iraq are produced by current circulating variants of concerns Omicron and Delta variants. 
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Introduction   

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) 
has caused COVID-19 since its emergence in December 2019, 
inducing a worldwide pandemic in a short time that has not 
previously affected the world since 1918 (1,2). Despite the 
significant progress in the global COVID-19 response for 
prevention and treatment approaches to this new disease, SARS-
CoV-2 remains circulating and does not seem to disappear easily, 
even with multiple successful vaccines developed. SARS-CoV-2 
is evolving, and newly emerging variants significantly change the 
virus properties, which can cause rapid spread into the 
population, increasing cases that require hospitalization. 
Worryingly, the current vaccines or therapies may become less 
effective for some emerging variants (2,3). 

Emergent SARS-CoV-2 variants of concerns (VOCs), such as 
B.1.1.7 (Alpha), B.1.617.2 (Delta), and B.1.1.529 (Omicron) 
with advantageous mutations that resulted in higher infectivity 
and transmissibility of the virus, led to broadening questions 
regarding the effectiveness of available vaccines. Furthermore, 
VOCs' reporting of vaccine breakthrough infections is increasing 
globally (4, 5, 6).  
Following vaccination began around January 2021; vaccine 

breakthrough infections were rare (˂0.1 of COVID-19 cases). 
However, over more than a year of the vaccination process, the 
pattern changed (7). Reports of a substantial increase in vaccine 
breakthrough infection in many countries worldwide (e.g., 
France, the UK, Israel, Qatar, and the USA) have been recorded 
(7,8,9,10).  
The vaccination campaign in Iraq started on March 10, 2021. 
Three vaccines were used: one mRNA vaccine (Pfizer-BioNTech 
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mRNA BNT162b2, USA), one recombinant viral vector 
adenoviruses (AstraZeneca ChAdOx1-S, Oxford University, 
UK), and one inactivated virus vaccine, SARS-CoV-2 Vaccine 
(Vero Cell), Inactivated (lnCoV), Sinopharm (Beijing, 
Wuhan)/BIBP. After that, Iraq was hit by the three waves of the 
COVID-19 epidemic: the second wave (March and April 2021), 
dominated by the Alpha variant; the third wave (from July and 
August), overwhelmed by the Delta variant; and the fourth-wave 
(January and February 2022) with a surge of the Omicron variant 
(11,12). 
According to the World Health Organization (WHO), up to 
March 15, 2022, around 455 million recorded COVID-19 cases, 
and more than 6 million fatalities had been recorded worldwide. 
In Iraq, as of March 21, 2022, 2,316,044 recorded cases of 
SARS-CoV-2 (13), including 435,865 patients in the Kurdistan 
region. Studies are scarce regarding the vaccine breakthrough 
infections in Iraq; therefore, this prospective study aims to asses 
the incidence of SARS-CoV-2 infection after a vaccination 
campaign in the Erbil province /Kurdistan region of Iraq for a 
period of 7 months (August 2021– February 2022) to 
characterize the likely incidence of breakthrough infections in 
our population.  

Materials and Methods 

Study Design and Participants 
This study was initiated on August 1, 2021, in the Molecular 
diagnostic unit at the Central Public Health Laboratory (CPHL), 
the main lab provider for COVID-19 testing in Erbil City. Data 
were collected until February 28, 2022. The study aimed to 
identify any breakthrough infection among all suspected cases of 
Covid-19 referred to the CPHL during the study period. 
Participants were considered unvaccinated if they had not 
received any COVID-19 vaccine dose at least seven days prior to 
participation, and partially or fully vaccinated if they had received 
one or two doses of COVID-19 vaccine respectively at least 
seven days before study enrolment (10) Vaccine breakthrough 
infections were defined as a positive SARS-CoV-2 PCR ≥14 days 
after receiving one or two doses of the vaccine. Relevant clinical 
information was collected upon recruitment, including patients’ 
vaccination status (type and number of doses), age, and sex. 
Patients who were uncooperative or non-consenting were not 
included in this study. The someones who were not interested 
were excluded from the study. Individuals who accepted or did 
not accept the vaccine were eligible to participate in this study. 

SARS-CoV-2 RT-PCR 
Following World Health Organization guidelines, trained 
laboratory technicians collected nasopharyngeal and/or throat 
swab samples from the enrolled patients and examined them for 
SARS-CoV-2 by real-time RT-PCR. Viral RNA was extracted 
from the transport medium using the Viral Nucleic Acid 
Extraction kit (B-200-32), Zybio Nucleic Acid (DNA/RNA) 
Isolation System EXM3000 (Zybio Inc), or SphaeraMag 
DNA/RNA Isolation Kit on automating Phoenix-Pure96 system 

(Procomcure Biotech GmbH com.) per instructions of the 
manufacturer, and subjected to RT-PCR on "Rotor-Gene Q 
(QIAGEN) Real-Time PCR Detection System". Real-time RT-
PCR was done utilizing LightMix. ®. SarbecoV E-gene plus EAV 
control and LightMix Modular SARS-CoV-2 (COVID-19) 

RdRP-gene (TIB Molbiol/Roche Diagnostics, Germany, 5 μL 
aliquots), or SARS-CoV-2 Nucleic Acid Detection Kit (Zybio 
Inc) targeting ORF1ab and N gene. To reduce real-time RT-PCR 
false-positive and false-negative results multiple controls (no 
template control, no extraction control, positive template 
control) were included in each RT-PCR reaction. 

Variant Detection by Real-Time RT-PCR 
To characterize variants of concern, 280 positive samples with 
cycle thresholds less than 30 were randomly selected and 
retested  using PowerChek SARS-CoV-2 S-gene Mutation 
Detection Kit Ver.3.0 (Kogen Biotech, Korea). The test is based 
on the search for (K417N, L452R, E484A / K, N501Y, T547K, 
P681R) key mutations in SARS-CoV-2 S-gene, which allows the 
detection of all the variant of concerns (VOCs); Omicron (BA.1, 
BA.2), Delta, Alpha, Beta, and Gamma. 

Statistical analysis 
Statistical analyses were achieved using descriptive statistics, and 
a chi-square test was used to measure statistical significance for 
the entire work. They were considering a P ≤0.05 or P ≤0.01 as 
a significant level. 

Results and Discussion  

During the study period, from August 1, 2021, to February 28, 
2022: A total of 30759 eligible participants were prospectively 
enrolled in the study and underwent RT-PCR tests for SARS-
CoV-2. Of those, 2133 participants tested positive for SARS-
CoV-2 by RT-PCR assay, with a (6.9%) overall positivity rate. 
Totally the ratio of vaccinated persons (26.2%) in the study was 
lesser than un-vaccinated; 22682 (73.7%) individuals were 
unvaccinated, 6149 (20.0%) received two-dose, 1896 (6.2%) 
had received one dose, and 0.1% (22) participates received 
booster dose. A monthly positivity rate of SARS-CoV-2 infection 
revealed a higher detection rate in August (9.9%), with a decline 
in the following months reaching (2%) in December 2021, 
followed by a sharply increasing rate in January 2022 (8.9). 
(Figure 1) 
In accordance with the national vaccination campaign, we 
restricted the analyses to those aged ≥18 years. Among the 2133 
positive cases, 1170 (54.9%) were male, 963 (45.1%) were 
female, with median age (range) of 47.5 (2 – 93) years, 1190 
(55.8%), 691 (32.4%), and 220 (10.3%) were unvaccinated, 
fully vaccinated, partially vaccinated respectively. Collectively 
participants aged between 18 and 49 years represented 69.0% of 
infected individuals in our study population. The highest 
infection rate, 647 (30.3%), was detected in the age group 30 – 
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39, and the lower rate, 31 (1.5%), was in the age group ≥80. 
(Table 1)   

Table 2 shows the comparison of PCR positivity incidence 
between vaccinated and non-vaccinated individuals (controls). 
The higher percentage of PCR positivity incidence was in the 
vaccinated group (11.6%), which is significantly different 

statistically (p ˂ 0.05) from the non-vaccinated group in the 
distribution of the PCR positivity rate. 
Of the 691 fully vaccinated breakthrough cases, 426 had obtained 
the Pfizer/BioNTech (BNT162b2 mRNA) vaccine, 164 the 
ChAdOx1 nCoV-19 adenovirus vector vaccine 
(Oxford/AstraZeneca), and 101 the Sinopharm inactivated virus 
COVID-19 (BBIBP-CorV). While in 220 partially vaccinated 
infected contributors, 115 had obtained the Pfizer/BioNTech 
mRNA vaccine (BNT162b2), 59 the ChAdOx1 nCoV-19 
adenovirus vector vaccine (Oxford/AstraZeneca), and 46 the 
Sinopharm inactivated virus COVID-19 vaccine (Figure 2). 
To analyze the relationship between vaccination and reducing 
viral load in the frame of the SARS-CoV-2 vaccine breakthrough, 
the study compares the threshold cycle (Ct) value of positive 
results among 676 unvaccinated and 454 vaccinated individuals. 
A significant difference (P=0.002) in Ct values was observed 
between unvaccinated and fully vaccinated individuals. Low Ct 
values (<25) were identified in 530 of 676 unvaccinated (78.4%) 
and 329 of 454 fully vaccinated individuals (72.5%). The lowest 
Ct values of (12.3 and 12.7) were detected in unvaccinated and 
vaccinated individuals, respectively. Moreover, in fully 
vaccinated individuals, 14 (3.1%) of breakthrough infections had 
too low Ct values <15, compatible with extremely high viral 
loads (Table 3). 

Analysis of 280 isolates for variant distributions revealed the 
circulation of the Omicron and Delta variants with the 
predominate of Delta B.1.617.2 over August until near the end 
of December 2021 when replaced by the Omicron BA1 in 
January 2022. Totally 140 (50%) were identified as the Delta 
B.1.617.2 variant, 94 (33.6%) as Omicron BA1, and 19 (6.8%) 
as Omicron BA2, while 27 (9.6%) were Inconclusive (Figure 
3). 

In this prospective study, we characterized all Covid-19 vaccine  
breakthrough infections among a representative population of 
Erbil city during the seven months after began of the vaccination 
program by five months in Iraq. Among the 2133 participants 
who confirmed positive for Covid-19, most were non-vaccinated 
(73.7%), yet (26.2%) were vaccinated, suggesting a good level 
of protection by vaccination against Covid-19 infections. 
However, we found a high rate of breakthrough infection 
(11.6%) among the vaccinated group, which differs significantly 
from the non-vaccinated group (5.2%). 
A recent study conducted in Qatar (8) estimated a 0.15% 
cumulative infection incidence among BNT162b2-vaccinated 
individuals. Another study by P. Elliott et al. (14), released on 
November 2, 2021, reported a ratio of 0.4% among those who 
had received two vaccine doses. While a study achieved by 

Singanayagam A. et al. (10) declared that the incidence was 25% 
in fully vaccinated people compared with 38% in non-vaccinated 
people among exposed household contacts. This ratio variation 
could be because no vaccine is perfectly effective; vaccine type, 
time since vaccination, and some other reasons can affect vaccine 
effectiveness and, thus, the possibility of breakthrough infections 

(15,16). It is obvious that various levels of immunity are induced 
following immunization by different types of COVID-19 
vaccines. Also, the level of protection provided by vaccine-
induced immune responses may also be affected by the variant 
types of SARS-CoV-2 to which one is exposed (17). 
Evidence suggests the impact of SARS-CoV-2 variants of concern 
in increasing vaccine breakthrough Infections. Mutations in the 
variants of SARS-CoV-2, particularly in spike protein, caused an 
increase in infectivity, transmissibility, and immune escape of the 
virus (7,17,18). Our study identified currently circulating VOCs 
(WHO) Delta and Omicron (BA1 & BA2) in our population with 
a similar prevalence in the vaccinated and non-vaccinated cases. 
We found a rising prevalence of infection associated with these 
two VOCs in two windows of time; first in August 2021, related 
to the altering of Alpha by Delta variant, and second in January 
2022 with the predominant Omicron variant. This finding is in 
line with multiple reports around the world that showed a surge 
in cases due to vaccine breakthrough infections with the 
emergence of these two variants of concern (4,10,19). 
A significant difference in PCR cycle threshold (Ct) values 
between fully vaccinated and unvaccinated individuals were 
observed in this study at the time of the test. Our results are 
consistent with previous studies that found a higher Ct value in 
vaccinated individuals than in unvaccinated, with the majority of 
infections being caused by the Delta or Omicron variant 
(9,14,21). In contrast, several studies have revealed no 
significant difference in cycle threshold values between 
vaccinated and non-vaccinated people with delta variant 
infections (22,23,24). Ct is a common quantitative measure of 
viral load (higher numbers indicate smaller levels of viral RNA) 
that is often used as a measure of infectiousness. However, in 
consideration of other infectiousness measures like antigen tests 
or viral culture, studies found that the probability of a test 
positivity for a given Ct value is lower in vaccinated than in 
unvaccinated individuals (17,25,26). The greater Ct values 
within vaccinated individuals may mean lower infectiousness, but 
as Ct values are a proxy measure of viral load and shedding, the 
interpretation of Ct values is further complicated by other factors 
related to host and viral, like the variant, vaccination status, age, 
and viral clearance, with considerable variation between 
individuals (9,10,17,27). 
It is obvious that various levels of immunity are induced 
following immunization by different COVID-19 vaccines. Thus 
they provide varying effectiveness (18,28). We observed 
associated vaccine breakthroughs with all three current 
authorized vaccines in Iraq. The more significant percentage of 
infection was among individuals vaccinated with the 
Pfizer/BioNTech mRNA vaccine (BNT162b2). This is broadly 
due to the predominance of the Pfizer/BioNTech vaccine over 
the two other vaccines (AstraZeneca and Sinopharm). We noted 
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a 1% proportion of infections among persons who received 
vaccine boosters, here a question rising about whether 
administering a third dose will provide enhanced long-term 
immunity against breakthroughs or whether the immunity will 
wane over several months of time (17,21, 29). 
As a matter of fact, subsequently the start of the SARS-CoV-2 
pandemic has been difficult to control, and in the light of the 
recent identification of the B.1.1.529 (Omicron) variant, which 
rapidly spread worldwide and the discovery of Omicron XE (a 
recombinant of the Omicron BA.1 and BA.2 strains) is a 
reminder of the continuation of this challenge.  To conclude, 
several factors may contribute to the increase in breakthrough 
cases; SARS-CoV-2 variants circulating at a given time, an 
increase in vaccination rate, possible immunity waning with 

time, and losing non-pharmacological interventions , such as 
mask-wearing in the community. Finally, our study describes 
vaccine breakthrough COVID-19 infections in Erbil province of 
Iraq after five-month of applying vaccination camping. The 
finding of the study provides somewhat an understanding of the 
current epidemiology and disease course of the SARS-CoV-2 
virus in Iraq, which may fill some existing knowledge gaps.  

 
Figure 1. Monthly distribution of totally SARS-CoV-2 PCR 
positivity rate 
 

 
Figure 2. The proportion of vaccine types in 933 SARS-CoV-2 
positive samples 

 

Table 1. Characteristics of SARS-CoV-2 cases according to gender, age, and vaccine status (n=2133) 

  Months   

  Aug-21 Sep-21 Oct-21 Nov-21 Dec-21 Jan-22 Feb-22 Total 

Character         No. % 

Gender Male 362 198 140 95 23 241 111 1170 54.9 

 Female 244 151 135 78 26 215 114 963 45.1 

Age group (years) ˂ 10 21 12 11 4 1 3 6 58 2.7 

 10 – 17 36 23 19 21 3 12 8 122 5.7 

 18 – 29 123 77 49 24 10 64 42 389 18.2 

 30 – 39 198 107 65 44 15 155 63 647 30.3 

 40 – 49 106 54 55 41 9 113 58 436 20.4 

 50 – 59 61 32 34 25 4 54 24 234 11 

 60 – 69 32 23 29 4 1 37 14 140 6.6 

 70 – 79 21 11 8 5 2 16 3 66 3.1 

 ≥80 8 10 5 5 1 0 2 31 1.5 

 Unknown 0 0 0 0 3 2 5 10 0.5 

Vaccine status           

 Unvaccinated 445 222 174 102 24 158 65 1190 55.8 

 Full vaccinate 92 70 68 53 17 251 140 691 32.4 

 Partial Vaccinate 69 57 33 18 8 27 8 220 10.3 

 Booster 0 0 0 0 0 12 10 22 1 

 Unknown 0 0 0 0 0 8 2 10 0.5 

Total  606 349 275 173 49 456 225 2133 100 

 

Table 2. Incidence of SARS-CoV-2 PCR positivity between vaccinated and non-vaccinated subjects 

Parameter Vaccinate % Unvaccinated % 

1

10

100

1000 606
349 275

173

49

456
225

9.9 6.9 6.7 4.4
2

8.9
5.6

Number %

60.1%
24.1%

15.8%

Pfizer

AstraZeneca

Sinopharm
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PCR (+) 933 11.6 1190 5.2 

PCR (-) 7134 88.4 21492 94.8 

Total 8067 100 22682 100 

 
Table 3. Distribution of Ct values, according to vaccine status 

CT value Unvaccinated Fully Vaccinated 
 

Number % Number % 

˂ 15 37 5.5 14 3.1 

15  -  19 200 29.6 101 22.3 

20  -  25 293 43.4 214 47.1 

26  -  30 126 18.6 115 25.3 

˃ 30 20 2.9 10 2.2 

Total 676 100 454 100 

X2: 16.08578        P: 0.0029 

 

 
Figure 3. Frequency of SARS-CoV-2 variant of concerns 
identified across the time of the study  

Acknowledgments: The authors are greatly grateful to the 

management of the general directorate of health-Erbil, for permitting us 
to conduct the study. Our words of thanks to all the subjects who were 
involved in the research and the staff of the Central Public Health 
Laboratory-Molecular diagnostic Department for their assistance and for 
facilitating recruitment into the study. 

Conflict of interest: None 

Financial support: None 

Ethics statement: Permission was obtained from the Erbil Health 

directorate authority to conduct this study and collect specimens and 
data from patients hospitalized at CPHL-Erbil in the context of national 
COVID-19 surveillance. All participants were aware of the study’s aims 
and could refuse to participate if they wished to do so. Upon enrolment, 
verbal permission was acquired from all participants. Parents gave 
permission to children.  

References 

1. Liu Q, Qin C, Liu M, Liu J. Effectiveness and safety of 
SARS-CoV-2 vaccine in real-world studies: a 
systematic review and meta-analysis. Infect Dis 

Poverty. 2021 Nov 14;10(1):132. doi: 
10.1186/s40249-021-00915-3 

2. Maulud S, Majed S, Ali B, Jalal P, Azeez S, Mohammad 
K. Epidemiological approach of SARS-CoV2 in the 
first month of appearance in the Kurdistan Region of 
Iraq. European Journal of Molecular & Clinical 
Medicine. 2020;7(11):2853-65. 

3. Harder T, Külper-Schiek W, Reda S, Treskova-
Schwarzbach M, Koch J, Vygen-Bonnet S, et al. 
Effectiveness of COVID-19 vaccines against SARS-
CoV-2 infection with the Delta (B.1.617.2) variant: 
second interim results of a living systematic review and 
meta-analysis, 1 January to 25 August 2021. Euro 
Surveill. 2021 Oct;26(41):2100920. doi: 
10.2807/1560-7917.ES.2021.26.41.2100920 

4. Lin DY, Gu Y, Wheeler B, Young H, Holloway S, 
Sunny SK, et al. Effectiveness of Covid-19 Vaccines 
over a 9-Month Period in North Carolina. N Engl J 
Med. 2022 Mar 10;386(10):933-941. doi: 
10.1056/NEJMoa2117128 

5. Kustin T, Harel N, Finkel U, Perchik S, Harari S, 
Tahor M, et al. Evidence for increased breakthrough 
rates of SARS-CoV-2 variants of concern in 
BNT162b2-mRNA-vaccinated individuals. Nature 
medicine. 2021 Aug;27(8):1379-84. 

6. Rovida F, Cassaniti I, Paolucci S, Percivalle E, Sarasini 
A, Piralla A, et al. SARS-CoV-2 vaccine breakthrough 
infections with the alpha variant are asymptomatic or 
mildly symptomatic among health care workers. Nat 
Commun. 2021 Oct 15;12(1):6032. doi: 
10.1038/s41467-021-26154-6 

7. Iacopetta D, Ceramella J, Catalano A, Saturnino C, 
Pellegrino M, Mariconda A, et al. COVID-19 at a 
Glance: An Up-to-Date Overview on Variants, Drug 
Design and Therapies. Viruses. 2022 Mar 
10;14(3):573. doi: 10.3390/v14030573 

8. Gupta RK, Topol EJ. COVID-19 vaccine 
breakthrough infections. Science. 2021 Dec 

50%
33.6%

6.8%
9.6%

Delta B.1.617.2

Omicron BA1

Omicron BA2

Inconclusive



Abdullah Hasan et al.: SARS-CoV-2 Reinfections among Fully Vaccinated and Unvaccinated individuals: 7 months surveillance data 

6                                                                                      Journal of Advanced Pharmacy Education & Research  | 2024 | Vol 14 | Issue S1 

24;374(6575):1561-1562. doi: 
10.1126/science.abl8487 

9. Abu-Raddad LJ, Chemaitelly H, Ayoub HH, Yassine 
HM, Benslimane FM, Al Khatib HA, et al. Association 
of Prior SARS-CoV-2 Infection With Risk of 
Breakthrough Infection Following mRNA Vaccination 
in Qatar. JAMA. 2021 Nov 16;326(19):1930-1939. 
doi: 10.1001/jama.2021.19623 

10. Blanquart F, Abad C, Ambroise J, Bernard M, 
Cosentino G, Giannoli JM, et al. Characterisation of 
vaccine breakthrough infections of SARS-CoV-2 Delta 
and Alpha variants and within-host viral load dynamics 
in the community, France, June to July 2021. Euro 
Surveill. 2021 Sep;26(37):2100824. doi: 
10.2807/1560-7917 

11. Singanayagam A, Hakki S, Dunning J, Madon KJ, 
Crone MA, Koycheva A, et al. Community 
transmission and viral load kinetics of the SARS-CoV-
2 delta (B.1.617.2) variant in vaccinated and 
unvaccinated individuals in the UK: a prospective, 
longitudinal, cohort study. Lancet Infect Dis. 2022 
Feb;22(2):183-195. doi: 10.1016/S1473-
3099(21)00648-4 

12. Coronavirus - Government of Iraq Available at  
https://gds.gov.iq/covid-19/  

13. COVID-19: Dashboard-GOV.KRD Available at 
https://gov.krd/coronavirus-en/dashboard/ 

14. World Health Organization. COVID-19 Weekly 
Epidemiological Update Edition 83, published 15 
March 2022   

15. P. Elliott et al., Science 10.1126/science.abl9551 
2021.  

16. Earle KA, Ambrosino DM, Fiore-Gartland A, 
Goldblatt D, Gilbert PB, Siber GR, Dull P, Plotkin SA. 
Evidence for antibody as a protective correlate for 
COVID-19 vaccines. Vaccine. 2021 Jul 
22;39(32):4423-4428. doi: 
10.1016/j.vaccine.2021.05.063 

17. Khoury DS, Cromer D, Reynaldi A, Schlub TE, 
Wheatley AK, Juno JA, et al. Neutralizing antibody 
levels are highly predictive of immune protection from 
symptomatic SARS-CoV-2 infection. Nature 
medicine. 2021 Jul;27(7):1205-11. 

18. Lipsitch M, Krammer F, Regev-Yochay G, Lustig Y, 
Balicer RD. SARS-CoV-2 breakthrough infections in 
vaccinated individuals: measurement, causes and 
impact. Nat Rev Immunol. 2022 Jan;22(1):57-65. doi: 
10.1038/s41577-021-00662-4 

19. Koelle K, Martin MA, Antia R, Lopman B, Dean NE. 
The changing epidemiology of SARS-CoV-2. Science. 
2022 Mar 11;375(6585):1116-1121. doi: 
10.1126/science.abm4915 

20. Bosch W, Cowart JB, Bhakta S, Carter RE, Wadei 
HM, Shah SZ, et al. Coronavirus disease 2019 vaccine-
breakthrough infections requiring hospitalization in 

Mayo Clinic Florida through August 2021. Clinical 
Infectious Diseases. 2022 Jul 1;75(1):e892-4. 

21. Alishaq M, Nafady-Hego H, Jeremijenko A, Al Ajmi 
JA, Elgendy M, Vinoy S, et al. Risk factors for 
breakthrough SARS-CoV-2 infection in vaccinated 
healthcare workers. PLoS One. 2021 Oct 
15;16(10):e0258820. doi: 
10.1371/journal.pone.0258820 

22. Hasan DA, Maulud SQ, Jalal PJ, Priyanka, Choudhary 
OP. SARS-CoV-2 vaccine breakthrough reinfection in 
a health-care worker of Iraq: A case report. Hum 
Vaccin Immunother. 2022 Nov 30;18(5):2055947. 
doi: 10.1080/21645515.2022.2055947 

23. Accorsi EK, Britton A, Fleming-Dutra KE, Smith ZR, 
Shang N, Derado G, et al. Association Between 3 
Doses of mRNA COVID-19 Vaccine and Symptomatic 
Infection Caused by the SARS-CoV-2 Omicron and 
Delta Variants. JAMA. 2022 Feb 15;327(7):639-651. 
doi: 10.1001/jama.2022.0470 

24. Ali AM, Tofiq AM, Rostam HM, Ali KM, Tawfeeq 
HM. Disease severity and efficacy of homologous 
vaccination among patients infected with SARS-CoV-2 
Delta or Omicron VOCs, compared to unvaccinated 
using main biomarkers. J Med Virol. 2022 
Dec;94(12):5867-5876. doi: 10.1002/jmv.28098 

25. Wu D, Ye Y, Tang L, Wang AB, Zhang R, Qian ZH, 
et al. A case-case study on the effect of primary and 
booster immunization with China-produced COVID-
19 vaccines on prevention of pneumonia and viral load 
among vaccinated persons infected by Delta and 
Omicron variants. Emerg Microbes Infect. 2022 
Dec;11(1):1950-1958. doi: 
10.1080/22221751.2022.2103455 

26. Thangaraj JWV, Yadav P, Kumar CG, Shete A, 
Nyayanit DA, Rani DS, et al. Predominance of delta 
variant among the COVID-19 vaccinated and 
unvaccinated individuals, India, May 2021. J Infect. 
2022 Jan;84(1):94-118. doi: 
10.1016/j.jinf.2021.08.006 

27. Riemersma KK, Grogan BE, Kita-Yarbro A, Jeppson 
GE, O’Connor DH, Friedrich TC, et al. Vaccinated 
and unvaccinated individuals have similar viral loads in 
communities with a high prevalence of the SARS-CoV-
2 delta variant. MedRxiv. 2021 Jul 31:2021-07. 

28. Acharya CB, Schrom J, Mitchell AM, Coil DA, 
Marquez C, Rojas S, et al. Viral Load Among 
Vaccinated and Unvaccinated, Asymptomatic and 
Symptomatic Persons Infected With the SARS-CoV-2 
Delta Variant. Open Forum Infect Dis. 2022 Mar 
17;9(5):ofac135. doi: 10.1093/ofid/ofac135 

29. Eyre DW, Taylor D, Purver M, Chapman D, Fowler 
T, Pouwels KB, et al. Effect of Covid-19 Vaccination 
on Transmission of Alpha and Delta Variants. N Engl J 
Med. 2022 Feb 24;386(8):744-756. doi: 
10.1056/NEJMoa2116597 

 


