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ABSTRACT 
 
 
 

EXPANDING MOSQUITO CONTROL TOOLS: NOVEL APPROACHES FOR 

SURVEILLANCE AND CONTROL. 

 
 
 

Approximately 80% of the world’s population is at risk of at least one vector-

borne disease. Most of these diseases are preventable through protective measures 

such as insecticide treated bed nets or indoor residual spraying of insecticides along the 

walls of a domicile. However, these measures can be cost prohibitive and due to these 

costs, disproportionate infection rates are found within the communities which have 

lower incomes. Additionally, invasive species are overtaking ecological niches where 

endemic vectors once thrived. Because of this, novel diseases are being introduced into 

naïve human populations, which could have deleterious outcomes. While vector-borne 

disease prevention methods, such as vaccinations, are becoming more common, for 

several reasons these methods can leave out the populations which need them the 

most, such as how vaccinations typically require cold-chain infrastructure. Furthermore, 

some prevention methods do not exist for some of these diseases, therefore controlling 

the mosquito populations with insecticides is a standard practice for preventing vector-

borne disease outbreaks. However, mosquito vectors are exhibiting resistance, both 

biological and behavioral, to commonly used insecticide classes, resulting in cross-

resistance to both old and new products. Novel approaches to mosquito control are 

necessary to better control vector-borne diseases while circumventing rising insecticide 
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resistance issues, including the development of new control methods and better 

characterizing mosquito population dynamics. 

Mass administration of endectocides, such as ivermectin and isoxazolines, could 

be a novel mosquito-borne disease control method in regions where insecticide-

resistant mosquitoes are feeding on human and livestock hosts and spreading disease. 

Ivermectin is a glutamate-gate chloride channel agonist, causing death by flaccid 

paralysis in arthropods which feed on treated individuals, and is highly efficacious 

against anopheline mosquitoes. Additionally, ivermectin is known to cause a reduction in 

fecundity and refeeding frequency of mosquitoes which imbibe a sublethal dose. This 

class of drug has been used for the last 37 years as a mass-administered antihelminth 

drug in rural Africa and is accepted as a beneficial drug for community health. While 

ivermectin has a short half-life in human plasma, newer models suggested that a 

change in dosing regimen may retain the mosquitocidal effects up to 28 days post-

intervention. Prior studies conducted clinical trials using this dosing regimen, observing 

the effects on the mosquito populations. However, these studies paired ivermectin with 

other antimalarial treatment drugs, which could alter the pharmacokinetics and 

mosquitocidal effects of ivermectin. The Repeat Ivermectin Mass Drug Administration 

for the control of MALaria II (RIMDAMAL II) clinical trial was designed to evaluate the 

effect of ivermectin alone, given once a month to select villages in mass drug 

administration campaigns in Burkina Faso. In addition to observing the mosquitocidal 

effects of ivermectin on wild mosquitoes, plasma was obtained from participants to 

elucidate the pharmacokinetics and pharmacodynamics of human-processed 

ivermectin. The goal of this clinical trial was to reduce the malaria burden within 
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children, primarily by reducing sporozoite transmission from the older, possibly 

infectious mosquitoes. 

The extrinsic incubation period (EIP), or the time it takes a mosquito to become 

infectious after consuming an infected blood meal, is dependent on both the mosquito 

species, the pathogen, and external factors such as temperature. Understanding the 

EIP is essential to determine if a mosquito population has a higher risk of transmitting a 

pathogen to the human population, the older a mosquito population is, the greater the 

risk. For instance, the EIP for Plasmodium development in female Anopheles gambiae 

complex mosquitoes is between 9 and 16 days before the sporozoite form of the 

parasite can disseminate, eventually arriving to the salivary glands, making the 

mosquitoes infectious when they imbibe their next bloodmeal. While the EIP of West 

Nile virus in Culex tarsalis is between 8 and 18 days, there are some instances where 

the virus can escape the midgut and reach the salivary glands within a few days, 

causing mosquitoes to become infectious before the established EIP.  

This makes time crucial when assessing the age of the mosquito population. 

However, the current methods to age mosquito populations are slow and expensive 

relative to the large sample sizes and frequent sampling needed to accurately assess 

population age and require a high degree of technical knowledge. Additionally, the 

current ‘gold standard’ of mosquito age-grading is qualitative, observing the population’s 

parity rate, which requires an exorbitant amount of time, especially when mosquito 

control experts are conducting control operations. Furthermore, these parity methods 

are inaccurate with autogenous species, which can lay eggs without the need for a prior 

blood meal causing an inappropriate classification of population age. Thus, new rapid, 
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low-cost and simple age-grading methods are needed for mosquito control experts and 

researchers to identify mosquito populations which contain the greatest risk for 

pathogen transmission. Fortunately, we have been developing a novel technique based 

on older research that has all these qualities. As a mosquito ages, it loses wing scales, 

eventually becoming threadbare. Qualitative methods in the past placed mosquitoes 

into subjective categories based on the look of their wings, but we updated this method 

by using a novel, high-throughput, and quantitative method to age mosquito populations 

using machine vison algorithms to calculate the pixel intensity of wing photos. 

 This dissertation has investigated the pharmacodynamics of human processed 

ivermectin on Anopheles gambiae mosquitoes and observing a possible feeding 

aversion to imbibing ivermectin-containing blood when there is a high venous 

concentration of ivermectin. Furthermore, we have further refined our wing pixel 

intensity age grading method and developed a known age model using our colonized 

An. gambiae G3 strain. We then applied the known age model to the pixel intensities of 

wing photos collected from wild An. gambiae sensu lato mosquitoes captured during the 

RIMDAMAL II clinical trial to interpolate their ages. Using this novel method, we 

observed a significant decrease in mosquito pixel intensities once new dual-chemistry 

bed nets were deployed halfway through our clinical trial in both arms, suggesting the 

wing pixel intensity method was able to quantify the effect of this mosquito control 

intervention. We also applied the wing pixel intensity method to wild Cx. tarsalis around 

the Greater Salt Lake and Northern Colorado during mosquito control interventions to 

determine the generalizability of the method towards another mosquito vector. This age-

grading technique lays the foundation for an inexpensive and high throughput 
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measurement for public health, mosquito control experts, and researchers to identify if a 

mosquito vector population has the capacity to transmit pathogens to the community. 
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CHAPTER 1: OVERVIEW OF THE LITERATURE 
 
 
 

1.1 The global vector-borne disease burden 

The World Health Organization (WHO) estimates that vector-borne diseases 

(VBD) account for roughly 17% of all infectious diseases, causing more than 700,000 

deaths annually2. Malaria alone accounts for more than 608,000 deaths per year and 

dengue Virus (DENV), an Aedes-borne pathogen, causes an estimated 40,000 deaths 

per year. Furthermore, 80% of the world’s population is at risk of at least one VBD with 

disproportionate infection rates observed in lower-income areas2. This is primarily 

because most VBD are preventable though protective measures or community-led 

efforts, both of which have costs3. Significant vectors include ticks, sandflies, 

triatomines, and mosquitoes2. However, mosquitoes, such as those in the Aedes, Culex, 

and Anopheles genera, account for the highest rates of VBD transmission across the 

globe2.  

Globalization and climate change have compounded mosquito-borne pathogen 

transmission. Invasive species are being introduced, such as An. stephensi in east 

Africa, in addition to Ae. aegypti and Ae. albopictus in the United States4–7. Due to the 

introduction of An. stephensi in east Africa, malaria rates in urban areas are increasing 

as control mechanisms for other anophelines are not as effective8,9. Ae. aegypti and Ae. 

albopictus, competent vectors of dengue virus (DENV), Zika virus, yellow fever virus 

(YFV), and chikungunya virus, are spreading throughout the southern and western parts 

of the US, making Aedes-borne virus transmission more likely4,10. These invasive 

species are causing disruptions in vector control operations and disease risk 
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surveillance, making it more difficult to control VBD spread through communities. Due to 

the increasing range of Aedes mosquitoes, the propensity of the viruses they transmit to 

become endemic in new regions is starting to be realized. In 2024, over 6,500 reports of 

locally transmitted DENV were reported in Puerto Rico (6,238), Texas (2), Florida (83), 

US Virgin Islands (205), and California (18), compared to over 1,400 being made in 

202311.  

Most mosquito-borne pathogens share a common route in the mosquito before it 

can become infectious: being imbibed in an infected bloodmeal, midgut infection, 

dissemination out of the midgut, infection of salivary glands and dissemination into the 

saliva. Commonly, this process involves pathogen multiplication in the vector, although 

this is not the case for mosquito-transmitted filarial nematodes. For human Plasmodium, 

this process is called sporogony, and it follows a specific cycle12. Micro- and 

macrogametocytes must be ingested by a female anopheline mosquito where sexual 

reproduction occurs in the midgut, the zygote then transforms into an ookinete which 

traverses the midgut cells, and then the parasite begins to develop into an oocyst in 

between the basolateral membrane of midgut cell and midgut’s basal lamina12. As an 

oocyst, the organism undergoes asexual multiplication, forming thousands of sporozoite 

forms, and the oocyst eventually bursts, flooding the hemocoel with sporozoites that 

disseminate to and invade the salivary glands where the sporozoites eventually can be 

dispersed via saliva12. Viruses, such as DENV and West Nile virus (WNV) follow this 

same course; however, they do not reproduce sexually. Instead, these arboviruses 

typically infect midgut cells and replicate, and eventually some escape the midgut, 

disseminate to, and infect numerous cells and tissues of the hemocoel, including the 
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salivary glands. Although in some rare cases, arboviruses can escape the midgut after 

being ingested without prior replication in the midgut cells. In hemocoelic tissues, 

including the salivary glands, further viral replication occurs before virus disseminates 

into the saliva being produced by the glands’ acinar cells, and then virus is ultimately 

transmitted horizontally when a female imbibes blood from a new host13–15. 

While DENV was likely introduced into the Western hemisphere in the 18th 

century through the slave trade, WNV was introduced into North America via New York 

City in 199916–19. WNV can be transmitted by a plethora of mosquito genera, however in 

the US, the Culex genus is the main vector20,21. Throughout the US, mosquito control 

districts control for Cx. tarsalis, Cx. pipiens, and Cx. quinquefasciatus, the three main 

species responsible for WNV transmission in the US21. Since WNV was introduced, the 

virus has moved across the US, becoming endemic. WNV is spread in an endemic 

cycle between birds and Culex mosquitoes22. Mammals who contract the virus rarely 

reach high enough viremia to pass the pathogen back to mosquitoes, thus making 

humans and most other mammals incidental or dead-end hosts23. Furthermore, Culex 

mosquitoes can transmit a wide range of neuroinvasive viruses including Japanese 

encephalitis virus (JEV), St. Louis Encephalitis virus (SLEV), western and eastern 

equine encephalitis viruses (WEEV & EEEV), and Rift Valley fever virus24–28. While 

Anopheles mosquitoes are more attributed to transmitting the parasite which causes 

malaria, they are known to transmit O’nyong’nyong virus, a virus with pathology 

resembling CHIKV29, as well as numerous orthobunyviruses and other arboviruses 

more rarely30.   
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The largest human burden from VBD in terms of morbidity and mortality is from 

malaria, which is caused by infection with Plasmodium parasites2,31. Plasmodium 

species can infect a wide range of animals, however, the five species which typically 

infect and cause disease in humans are P. falciparum, P. malaria, P. vivax, P. ovale, and 

P. knowlesi31. The WHO reported and estimated 263 million malaria cases and 597,000 

deaths globally in 2023, an increase of 11 million from 202231. While the mortality rate 

has decreased, the incidence rate has increased, indicating that society is finding and 

treating cases but more infections are occurring31. There are disproportionate incidence 

and mortality rates in the WHO African Region, with 246 million cases and 569,000 

deaths occurring in 202331. For example, Nigeria accounted for 25.9% of the global 

infections and 30.9% of the global deaths while only having approximately 3% of the 

world’s population31. While malaria diagnosis and treatment is common and can be 

relatively straight forward, vaccines are starting to be distributed which may begin to 

further reduce childhood mortality32–35. In addition to human malaria, mosquitoes in the 

Culex genus can transmit malaria to birds; Hawai’i is trying to combat population die-offs 

of Hawaiian honeycreepers (Carduelinae species) caused by infections with the 

invasive Plasmodium relictum, transmitted by Cx. quinquefasciatus, another invasive 

species36. Furthermore, competent mosquitoes can transmit other parasites, including 

filarial worms such as Wuchereria bancrofti, Brugia malayi, and B. timori, the causative 

agents of lymphatic filariasis37. Mosquito-borne diseases are cause for concern, 

especially in developing countries with high infant mortality or morbidity. In response to 

these threats, researchers have developed methods to assess the epidemiological 

impact of VBD, constructed tools and traps to surveil mosquito populations, established 



5 

 

mosquito control and disease transmission prevention methods, explored the use of 

novel systemic insecticides, and explored new ways to discern mosquito population 

dynamics to control the spread of VBDs. 

1.2 Epidemiological human risk assessment tools 

To further our comprehension of mosquito-borne disease transmission, Ross and 

Macdonald created a model describing the basic reproductive rate (R0) of these 

pathogens: 𝑅0 =  𝑚𝑎2𝑏𝑐𝑝𝑛(− ln ( 𝑝))𝑟 where m is the ratio of mosquitoes to human, a is the human 

bite rate (HRB), b and c are the pathogen transmission efficiencies, p is the daily 

survival rate of mosquitoes, r is the human recovery rate, and n is the extrinsic 

incubation period (EIP) or the time it takes for the pathogen to develop within the 

mosquito before transmission can occur38,39. This model was then modified to describe 

vectorial capacity (VC), or a vectors ability to transmit pathogens: 𝑉𝐶 =  𝑚𝑎2𝑏𝑝𝑛−ln ( 𝑝) 40. In this 

model, all variables remain the same as the Ross-Macdonald model, with b, r, and c 

removed and -ln(p) representing the average lifespan of a vector. In these models, the 

EIP (n) plays a significant role in pathogen transmission, requiring that an infected 

mosquito survive long enough to transmit to a host. While all these measures together 

can estimate human risk, to obtain these variables, active surveillance must occur.  

To estimate m, the ratio of mosquitoes to humans, researchers have a multitude 

of tools at their disposal such as human landing capture (HLC) and collection of 

mosquitoes which are host seeking via traps41–43. HLC is considered the ‘gold-standard’ 

for determining the HBR as mosquitoes are actively landing and seeking a blood meal 

from a human host. However, the technique is prone to natural collector biases in 
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variation of mosquito attractiveness42,43. There are ethical concerns too, particularly 

when there are known mosquito-borne pathogens being transmitted by the mosquito 

population. This issue can be address by giving collectors antimalarial prophylactics, but 

this does not prevent arboviral or other infections. By using traps, the natural variation of 

attractants of host’s can also be mitigated, however, trap location and the use of artificial 

baits, such a CO2 can introduce biases41,42. 

To estimate HBR from captured mosquitoes not landing on a human, researchers 

can conduct blood meal analysis (BMA), identifying the blood meal contents of the host 

engorged mosquitoes fed upon44–48. However, these methods are passive and do not 

account for mosquitoes which are actively seeking a blood meal, but those who have 

already imbibed one. Additionally, these methods work best on newly engorged females 

as the biochemical markers are still intact and not degraded by the process of digestion. 

Furthermore, these methods allow investigators to unravel misconceptions about the 

feeding habits of certain mosquitoes, such as Cx. pipiens feeding on a wide variety of 

hosts47. To calculate p and -ln(p), researchers have tried to conduct mark, release, and 

recapture experiments49–53. However, these methods are difficult to analyze due to the 

lack of mosquitoes recaptured. Other age-grading methods are being examined to 

discern these variables54. The pathogen transmission efficiency is dependent on the 

mosquito and the pathogen; however, the variable can be determined via transmission 

and vector competence assays. Overall, VC and R0 are useful theoretical measures for 

modeling studies and understanding vector-borne disease transmission efficiencies 

especially when comparing different vector and pathogen pairings, but they are not 

easily measured and so not very useful for evaluating pathogen transmission intensity in 



7 

 

endemic or epidemic areas or seasons, nor for evaluating the efficacy of control 

measures. For these actionable measures the vector index (VI) or the entomological 

inoculation rates (EIR) are typically calculating from vector sampling and pathogen 

testing.  

VI is obtained by multiplying the density of host seeking mosquitoes by the 

estimated proportion of infected mosquitoes, found by various molecular biological 

techniques such as PCR or qPCR, and typically calculated by pool-testing the entire 

bodies of captured arbovirus vectors (such as Culex tarsalis in the US) where the 

proportion infected is very low. While the EIR is a similar measure, but more often used 

with malaria vectors, and obtained by multiplying the HBR (traditionally obtained with 

HLC, but also by other trap catch methods with a correction factor accounting for lower 

catch rates or the specific proportion of human vs. other host blood meals found in the 

mosquito species) by the number of infectious mosquitoes that that are often tested as 

individuals. Anophelines that are infectious for Plasmodium are typically scored by 

detecting the presence of sporozoite forms in only the head-thorax tissues. The 

accuracy of VI is dependent on the choice of sampling method used to estimate biting 

rate, and the number of mosquitoes assessed, relative to the population size. As 

investigators typically perform pool-testing due to low mosquito infection rates, pool size 

similarly influences VI accuracy, as does the composition of the pools and the vector 

tissues used. Testing saliva would be considered the most accurate method, but it is 

practically difficult with wild mosquitoes. Nonetheless, recent efforts with sugar baits and 

honey-infused cards are being examined for capturing infected saliva from wild 

mosquitoes55–59. However, these methods only detect pathogens which are tested for, 
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and as unfamiliar or novel mosquito-borne pathogens continue to spread to into new 

regions by human and animal movement and the spread of invasive vectors, these 

pathogens may go unnoticed and misdiagnosed in certain regions and thus mosquito 

surveillance tools are necessary. 

1.3 Mosquito population surveillance tools 

Currently, mosquito population surveillance techniques use active collection of 

mosquitoes, both larval and adult populations, to discern the population dynamics of a 

given species. These surveillance techniques are used to identify breeding sites, 

speciate mosquitoes, and obtain the VI and EIR to calculate the relative risk to the 

community co-endemic with the mosquito populations60–64. Additionally, these 

surveillance techniques allow researchers and mosquito control experts to observe if 

any invasive species, and their pathogens, are introduced into a new region4–10,62. 

Surveillance typically involves the monitoring of the mosquito populations during 

different life stages, such as larvae and pupae, host seeking females, resting, and 

oviposition, using traps specifically designed to target the different life stages or 

behaviors as appropriate to the surveillance metric being used to measure actionable 

thresholds65. In addition to the traps designed for life stages, some traps are developed 

specifically for Aedes mosquitoes, attracting them via ocular or sound cues, which 

target male mosquitoes, seeking a female to mate with66–69. Furthermore, new 

surveillance methods are joining both traps and machine learning together, identifying 

mosquitoes and their sex70,71. As new technologies are arising, geographical information 

systems (GIS) are assisting mosquito control districts in their ability to provide their 

services72–77. GIS allows researchers, public health, and mosquito control experts to 
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visualize areas where mosquito surveillance has suggested that VI and EIP are high as 

well as heightened mosquito density to humans, m in the Ross-MacDonald and VC 

models. GIS technology also allows the mapping of known breeding sites, allowing 

control districts to easily verify and target with larvicides, should the mosquito density 

cross unacceptable thresholds72,74,76. In addition to GIS being useful for experts, it has 

become a source of scientific outreach, allowing citizen scientists to report actionable 

data for control experts to monitor77. Furthermore, the state of California and the CDC 

have tasked researchers to develop a nationwide GIS web interface, allowing districts to 

not only upload their mosquito capture data, but also pathogen prevalence data, which 

allows data sharing and cross-district collaborations for VBD control efforts 78. While 

these technologies have allowed experts to identify mosquito populations, record their 

dispersion, and analyze their pathogen transmission potential, some communities have 

opted to use livestock as sentinels for pathogens. 

Castillo-Neyra et al. described using dogs as sentinels for Trypanosoma cruzi 

transmission in Peru, finding that canine seroprevalence was 12.3% in the 17.4% of 

households infested with T. cruzi-infected triatomine insects, suggesting that canine 

xenosurveillence could be a useful tool in determining the transmission of T. cruzi79. 

Chickens are often utilized by US mosquito control districts for assessing the presence 

of circulating arboviruses, including WNV, WEEV, and SLEV80–82. Furthermore, pigs 

have been utilized as sentinels for detecting JEV circulation in south Asia83,84. These 

animals provide researchers with the opportunity to identify endemic transmission 

before the pathogens spill over into humans, potentially allowing public health 
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authorities and mosquito control experts time to alert the public and control the 

infectious mosquito population. 

1.4 Mosquito control techniques 

Mosquito control is thought to have pre-historical roots, where people living in 

mosquito infested areas would construct smoke fires and cover their bodies with plant-

derived repellents to keep mosquitoes from biting85. Now, mosquito control has evolved 

from prehistorical roots using larvicide and adulticide chemicals to control mosquito 

populations. 

Historical larvicides were petroleum based, spreading oils in breeding sites, 

keeping mosquito larvae from oxygen exchange. These methods, however, result in an 

oxygen exchange barrier for all animals also living in the water as well as causing 

ecological contamination with petroleum products. Current larvae control tools still use 

such methods, but the petroleum products have been replaced with plant-derived 

monomolecular films, and direct larval killing agents including Bacillus thuringiensis 

israelensis (Bti), Bacillus sphericus (Bs), spinosad, and pyriproxyfen. Bti and Bs can be 

placed directly into breeding sites. These spore-forming bacteria come in dissolvable 

granules or brickettes which are available to consumers at home improvement stores. 

First used against mosquitoes in 1976, Bti produces four toxic proteins which the 

mosquito larvae consume, killing them via cell membrane disruption in the midgut86,87. It 

has been noted that mosquitoes can gain resistance to these Bti toxins, however, this 

resistance is based on the individual toxins Bti produces, when a mosquito consumes 

all four of toxins, Bti is still efficacious and it even can overcome resistance to chemical 

larvicides, such as temephos, an organophosphate (OP) used as a larvicide for 
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mosquitoes88,89. In addition to Bti and Bs, Saccharopolyspora spinosa was discovered in 

soil in 1982 and creates macrocyclic lactones (ML) called spinosyns which exhibit 

mosquitocidal properties90. Since the discovery, spinosyn based products are now used 

for mosquito control but due to the non-specificity of spinosyn, application to mosquito 

larvae habitats is a preferred method of application90. Another class of larvicides are 

insect growth regulators (IGR), such as pyriproxyfen. Pyriproxyfen is effective at very 

low doses, mimicking the effect of juvenile hormone and preventing larval mosquitoes 

from developing into pupae and then adults91,92. It can be used in autodissemination 

methods, whereby adult female mosquitoes are attracted to an artificial egg laying 

station and land on the active ingredient in the station, contaminating their tarsi with it, 

and  carrying it to a breeding site where they lay more eggs, and it will disseminate into 

the water, thus keeping her offspring and any others in the water from maturing into 

adults. These methods work extremely well for mosquitoes which are highly urbanized 

container-breeders such as Ae. aegypti and Ae. albopictus. However, if the mosquitoes 

are more rural, or breed in larger bodies of water, the treatment tends to be ineffective 

as the active ingredient is too diluted to halt the larvae population from maturing. 

Adulticides have a long and storied history, which resulted in the construction of 

the Environmental Protection Agency93. Active ingredients (AI) range from 

organochlorines like dichlorodiphenyltrichloroethane or DDT, OPs such as naled, 

carbamates like that of carbaryl, and natural and synthetic botanicals like pyrethrin and 

pyrethroids, respectively. Organochlorines are agonists to voltage-gated sodium 

channels, causing mosquitoes to spasm and eventually die94. However, these products 

are long lived and accumulate in fatty tissues causing health issues in both birds and 
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mammals, which have resulted in a shift from organochlorines to other insecticide 

classes94. OP and carbamates target acetylcholinesterase, resulting in cholinergic 

receptors being overstimulated causing disrupted nerve impulses which results in 

death95–97. Pyrethroids are synthetic versions of pyrethrins, a compound found in 

Chrysanthemum flowers98. These classes of insecticides also target the voltage-gated 

sodium channels98. These AI are used in a plethora of different applications to reduce 

the mosquito population, m in the Ross-Macdonald model, in relation to the human 

population. 

Indoor residual spraying (IRS) and insecticide treated bed nets (ITN) have been 

the main mosquito control measures used to stop the spread of malaria99. The AI of 

these methods can range from pyrethroids, carbamates, organophosphates, or 

organochlorines. IRS targets mosquitoes which are resting on the walls of treated 

homes, causing the AI to be absorbed through the tarsi, and is typically paired with ITN 

use to reduce nocturnal exposure to anophelines100. In addition to IRS and ITNs, treated 

eaves tubes are a relatively new control method where tubes are placed in the open 

eaves of traditional homes, in between the top of wall and the roof, and an insecticide 

treated netting insert is then placed into the eaves tube101–103. These tubes prevent 

mosquitoes from entering a household while exposing them to insecticides which can 

be rotated, reducing mosquito populations exposure to one type of insecticide as a way 

to limit the development of insecticide resistance101–103. Attractive toxic sugar baits 

(ATSB) are another newer control method which target mosquitoes which are seeking 

sugar meals for their daily caloric intake needs104,105. These devices can be treated with 

a variety of insecticides, including endectocides. They are also nonspecific to mosquito 



13 

 

sex, targeting both male and female mosquitoes thus potentially lowering their overall 

population density. However, these devices are subject to environmental variables, and 

can be rendered ineffective when precipitation dilutes the treated bait104,105. 

Furthermore, spatial repellents, like those containing transfluthrin, were developed to 

repel mosquitoes in a wide area and could be paired with an attractant such as an ATSB 

to potentially make them more effective102,105–107. A study conducted in Benin observed 

a decrease in pyrethroid-resistant An. gambiae s.l. activity in houses which contained a 

transfluthrin passive emanator when compared to houses which were treated with a 

placebo passive emanator. Additionally, they observed a reduction in other mosquito 

vector species as well106. A study conducted with transfluthrin on lab mosquitoes found 

that while described as a spatial repellant, transfluthrin can also act as an adulticide, 

suggesting this spatial repellant is killing some species instead of repelling them107. 

While the control of mosquitoes has been a long endeavor, control has always resulted 

in resistance development to commonly or overly used AIs.  

Insecticide resistance (IR) is a growing issue for current mosquito control efforts 

that has presented itself in varied ways to current formulations of adulticides and 

larvicides, requiring insecticide developers to constantly investigate new chemicals and 

formulations to control mosquito populations89,108–116. Target-site mutations have 

resulted in the alteration of binding sites resulting in resistance to a wide-range of 

insecticide classes108,109,112,114,116. These changes are most studied in pyrethroid 

resistant populations and known as knock down resistance (kdr), which refers to the 

phenotype observed from alterations of the voltage-gate sodium channel gene that 

limits pyrethroid binding to the translated channel protein108–116. While kdr is one of the 
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most prevalent resistance mechanisms, cuticle resistance is another resistance 

mechanism that limits the absorption of insecticides into the mosquito’s body through 

increased cuticle thickness as well as upregulation of specific cuticle-residing proteins 

or enzymes, both which limit active ingredient from coming in contact with the target 

sites in hemoceolic nervous tissue111,117,118. In addition to the increase of kdr mutations 

and cuticular thickness, metabolic deactivation of insecticide classes is common, 

whereby metabolic detoxification genes, such as glutathione S-transferases and 

cytochrome P450s genes are duplicated in the genome or upregulated in 

transcription89,110,111,119–123. While the aforementioned resistance mechanisms are driven 

by genetic changes, some feeding prevention methods such as ITN and spatial 

repellents have altered the mosquito populations’ feeding behaviors. For example, An. 

gambiae is a known nocturnal endophagic feeder, however, it was found that in 

Equatorial Guinea populations of this mosquito exhibited crepuscular exophagy 

following IRS treatments124.  Cooke et al observed species level changes in feeding 

time behavior at a different location125, whereby the primary malaria vectors An. 

funestus sensu lato and An. gambiae s.l. exhibited endophagic behaviors but the 

secondary malaria vectors exhibited exophagic feeding patterns125. Due to rising IR and 

alterations to mosquito feeding behavior, researchers have started to develop novel 

mosquito control methods. These methods should expand our control toolbox by 

exploring biological control techniques, new insecticide chemistries, discovering 

alternative ways to apply old chemistries, and using pharmacological methods which kill 

mosquitoes after they obtain a bloodmeal.  
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 Current biological control strategies encompass the use of natural predators of 

mosquito larvae, applying insect-specific lethal fungi, releasing insects which carry a 

lethal dominate (RIDL) allele, or using Wolbachia to sterilization or reduced pathogen 

transmission within mosquito populations. Natural predators of mosquito larvae have 

been known and explored as early as the 1900’s126. One such natural predator is 

Toxorhynchites mosquito larvae, which preys on larvae of other mosquito genera127. Tx. 

rutilus rutilus and Tx. amboinensis have been used in the US for Ae. aegypti and Cx. 

quinquefasciatus control in New Orleans, Louisiana128,129. These studies found that Ae. 

aegypti and Cx. quinquefasciatus larvae densities diminished up to 80% in some cases, 

indicating that Toxorhynchities as a biological control mechanism could be 

feasible128,129. In addition to Toxorhynchities, many area use fish, such as Gambusia, to 

control mosquitoes130. These fish prey on mosquito larvae and pupae131. However, it 

has been noted that chemical cues of the fish have been associated with reduced 

breeding site selection by Culex mosquitoes132,133. Furthermore, other predators of 

mosquito larvae include larvae of aquatic insects, such as dragonflies134. Acquah-

Lamtey and Brandl showed that the larval stage of Bradinopyga strachani significantly 

decreased mosquito larvae in man-made water containers in Ghana135. However, in 

southern Maine, dragonfly larvae imported and used for mosquito control had no effect 

on mosquito larvae control136. While natural predators may be more attractive than 

synthetic control mechanisms like insecticides, these control mechanisms can also be 

invasive species themselves136,137. In addition to Bti, some researchers are investigating 

the use of insect-specific fungi as a mosquito control tool138–141. Clark et al observed in 

1967 that the fungus Beauveria bassiana was pathogenic against adult Culex, 
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Anopheles, and Aedes while the larvae of Aedes were seemingly resistant to the 

pathogenic effects that the Culex and Anopheles larvae succumbed to, suggesting that 

fungi may be a practical tool for mosquito control141. Then, in 2016, Jaber et al isolated 

Aspergillus nomius spores from a dead coleoptera and found that the fungus was 

pathogenic to Ae. albopictus when applied via microinjection and killed both Ae. 

albopictus and Cx. pipiens when applying the spores via spraying138. It was also found 

that Metarhizium pinghaense exhibited pathogenicity against An. coluzzii contained in a 

Mosquitosphere outdoor mesocosm simulating field conditions in Burkina Faso139. 

These mosquitoes were exposed to a wild type M. pinghaense and a transgenic M. 

pinghaense which expresses two US-EPA approved neuron blockers139. It was found 

that when applying the fungal spores via sesame oil suspension on black cotton sheets, 

the pyrethroid-resistant mosquitoes from Burkina Faso were susceptible to both the wild 

type and hybrid fungi139. The study showed that the fungi, while exhibiting a kill effect, 

also affected the fecundity of the mosquitoes in subsequent generations, with the hybrid 

having the most pronounced effect on fecundity and generational numbers indicating 

the fungi can be transmitted vertically to the female’s offspring139. Furthermore, 

researchers have created transgenic M. anisopliae which expresses a novel peptide 

called SM1 and scorpine, an antimicrobial agent. This transgenic organism blocks the 

Plasmodium sporozoites in An. gambiae from attaching to the salivary glands142.  

While first demonstrated in Drosophila melanogaster, release of insects carrying 

a dominant lethal (RIDL) has been an effective tool for mosquito control143. RIDL aims to 

replace the wild-type males with ones which carry a lethal allele in their female 

offspring144. One of the first instances of RIDL use in mosquitoes was the creation of 
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female-specific flightless phenotypes of Ae. aegypti145. Fu et al. described their 

construct as effectively sterile, as the female mosquitoes cannot attract males due to 

the lack of flying ability145. Furthermore, Wise de Valez et al. found that target 

populations could be eliminated in 10-20 weeks by introducing the RIDL males into lab 

colonies, however cage size and colony longevity could have been an factor146. 

Researchers then examined the ability of the RIDL males to mate with wild-type females 

caught in the Grand Caymen in lab assays, before releasing the transgenic males into 

the environment147,148. This field trial found success, with a 10% ovitrap index, or the 

proportion of oviposition traps with one or more eggs in a week, when compared to the 

untreated areas which exhibited a 49% mean ovitrap index, suggesting that RIDL can 

significantly reduce wild Ae. aegypti populations148. Furthermore, RIDL was used to 

suppress wild Ae. aegypti populations in Brazil, and found that the release reduced the 

wild population by 80-95%149. In addition to RIDL, precision-guided sterile insect 

technique (pgSIT) is another genetic control mechanism in which mosquito strains  are 

generated to pass along female killing genes using the CRISPR/Cas9 system, which 

use guide RNAs to precisely target Cas9-driven insertions and deletions in genes vital 

for spermatogenesis and fertility150. PgSIT has been utilized to suppress Ae. aegypti 

and An. gambiae populations in the lab151,152. Li et al. used pgSIT on Ae. aegypti 

Liverpool strain to assess the genetic load’s dissemination through a caged population 

and modeled its ability to use the technique for mosquito control152. They found that the 

pgSIT technology could produce flightless females from the offspring of pgSIT males 

mated with normal females, which resulted in subsequent populations of mosquitoes 

with diminished survival, fertility, and blood feeding rates152. Furthermore, pgSIT was 
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developed for An. gambiae (G3 strain) in the lab and when targeting the fle gene, the 

result was all F1 females dying, indicating that this control mechanism maybe 

accessible for these two species151. A company named Oxitec Ldt. has released RIDL 

Ae. aegypti as a control tool for populations in Florida after an initial field test in 

Brazil153,154.  

Researchers have also developed mosquito control tools which use Wolbachia, 

an endosymbiont bacterium, to reduce the fitness and transmissibility of pathogens by 

Aedes and Culex populations. Wolbachia, can induce sterility in infected females and 

drive its transmission into subsequent generations through a phenomenon called 

cytoplasmic incompatibility155. This control methods involves introducing a Wolbachia 

strain that induces cytoplasmic incompatibility into mosquitoes in the lab and releasing 

infected males to mate with wild type females in the field. It was found that the wMel 

strain significantly reduced the proportion of eggs hatching, suggesting that this strain 

could be a valuable mosquito control tool155. A field trial in Australia sought to use the 

wAlb, originally isolated from Ae. albopictus, to observe a reduction in areas which 

already contained wild type and wMel infected mosquitoes156. It was found that the 

areas which all three types of mosquitoes resided saw an 80% reduction in the 

mosquito populations which extended past the trial period, suggesting that the release 

of multiple incompatible Wolbachia strains would be a valuable control technique156. In 

addition to inducing reduced fitness of Ae. aegypti, wMel has exhibited the ability to 

inhibit ZIKV and DENV transmission from surviving mosquitoes, demonstrating not only 

mosquito control, but mosquito-borne virus control as well155,157,158. In addition to Aedes 

mosquitoes, Wolbachia cytoplasmic incompatibility has had success in Culex 
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quinquefasciatus159–161. However, in contrast to Ae. aegypti reduction in the 

dissemination of ZIKV and DENV, wAlbB infected Cx. tarsalis exhibited an increased in 

WNV dissemination, suggesting differing results depending mosquito and virus species 

tested162. While the use of genetic control strategies remains controversial, IR is an 

issue that needs to be addressed163,164. Insecticide based control strategies are 

changing, resulting in new chemistries and products that contain more than one mode 

of action. 

New formulations of IRS, including combined AIs, are being tested to maintain 

IRS efficacy considering the rising IR issues. For example, in 2016, a mixture of 

clothianidin, a neonicotinoid which targets nicotinic acetylcholine receptors, and 

deltamethrin, a pyrethroid, was sprayed inside homes in southern Benin, which resulted 

in extended mosquito mortality when compared to deltamethrin alone99. While mosquito 

blood feeding rates remained constant, 12-months post application, the mosquito 

mortality in the sprayed homes with deltamethrin was over 30% and the mixture yielded 

a mortality of over 51% depending on the material the product was applied to, 

suggesting that the addition of clothianidin can assist pyrethroids in overcoming 

pyrethroid-resistance99. Another, a new product, named Pirikool® 300CS, is a 

pirimiphos-methyl organophosphate that exhibited mosquitocidal activity against 

pyrethroid-resistant An. gambiae s.l. in the lab and in Benin for up to 12 months post 

application165. When Actellic®300CS, another pirimiphos-methyl product, was used in 

Burkina Faso, they observed a significant decrease in mosquito survival when 

compared to DDT, pyrethroids and bendiocarb113. A new active ingredient called meta-

diamide is the basis of a new IRS product named VECTRON™T500, that was tested in 
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Benin between 2019 and 2021 and indicated mosquitocidal activity up to 18 months in a 

wall cone bioassay, and indicate an increased mortality rate at 12 months when 

compared to Actellic®300CS at the same time point166. Finally, when VECTRON™T500 

was examined in Burkina Faso, in addition to the strong killing effect,  the insecticide 

reduced blood feeding rates in An. gambiae s.l. to 4.43% when compared to the control 

which had a blood feeding rate of 12.33%, and no adverse events were found when 

surveying the inhabitants of the house where VECTRON™T500 was applied, 

suggesting the meta-diamide is efficacious and well-tolerated167.  

Dual-chemistry ITNs contain at least two different insecticides, using two different 

modes of action to reduce the likelihood of resistance developing. There are a few 

products available now, one being the Interceptor®G2 (IG2®) net. The IG2® net 

contains a mixture of chlorfenapyr and alpha-cypermethrin and underwent phase II 

evaluations in Benin which involved examining the efficacy of the nets over their 

lifetime, including after being washed168,169. The wild An. gambiae s.l. population in 

Benin was examined for alpha-cypermethrin resistance using CDC bottle bioassays and 

WHO cylinder test and were compared to An. gambiae Kisumu strain, a pyrethroid 

susceptible stain169. It was found that compared to the lab strain, the lethal 

concentration where 50% of the mosquitoes would die (LC50) was 200 fold higher in the 

resistant wild mosquitoes compared to the susceptible strain169. Despite this high 

insecticide resistance, testing of the nets in experimental hut trials demonstrated that 

the IG2® nets retained their blood feeding inhibition and exceeded 72-hour mortality 

effects against wild mosquitoes when compared to the first-generation Interceptor® nets 

containing only pyrethroid, even after 20 washes169. During the Repeat Ivermectin Mass 
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Drug Administration for MALaria Control II (RIMDAMAL II) phase 3 clinical trial, the 

IG2® nets were distributed to households in both the control and intervention arms of 

the trial in at the end of the first season of the trial where the wild An. gambiae s.l. 

populations in this region are known to be pyrethroid resistant113,170. It was found that 

the malaria incidence rates in both treatment and control arms were lower after the 

introduction of the IG2® nets, which was associated with > 50% reduction in the human 

biting rate and a reduction in the number of vector anophelines captured in 2020 (n 

=2115) compared to 2019 (n = 5827), including a near absence of An. funestus in 2020 

despite similar rainfall and temperatures over the two trial years, as well as a >50% 

reduction in the survival rate of blood fed mosquitoes captured in the control arm 

houses from 2019 to 2020170.  While these new chemistries and novel approaches of re-

purposed chemistries are advancing the efficacy of our control tools, the intelligent 

management of these tools are necessary to ensure resistance development is kept at 

a minimum. 

 Integrated mosquito management (IMM) is a concept which brings together the 

community, government, and control professionals to reduce both vectors and nuisance 

biting mosquitoes171. These approaches aim to educate the public in their role in 

mosquito control, such as removing breeding sites from around homes and closing gaps 

to prevent mosquitoes from entering homes172. IMM’s main goal is to reduce the use of 

insecticides until absolutely necessary to prevent human disease through the use of 

surveillance tools such as VI171,172. However, while IMM aims to reduce disease 

prevalence and incidence within the community, new control tools need to be 

investigated. 
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Endectocides are established drugs used in veterinary medicine and have wide 

use in human health173–176. Many of these drugs are systemic insecticides, or drugs that 

circulate systemically in treated animals which make the blood toxic to hematophagous 

insects without harming the host. Endectocides of the avermectin drug class are used 

regularly in human health for their ability to treat endoparasitic infections such as 

microfilariaemia with Wuchereria bancrofti and Oncocera volvulis, but are now being 

explored for their ability to kill mosquitoes and thus limit transmission of mosquito-borne 

diseases177. The drawback to these drugs, however, resides in the limited number of 

drugs approved for human use and that humans would be exposed to any transmitted 

pathogens as the mosquitoes need to feed on treated humans to be exposed.  

Novel control techniques have their own advantages, such as overcoming IR 

using dual chemistry products, long-lasting in the case of ITNs, self-propagating by use 

of autodissemination, and eco-friendly by using naturally occurring predators. These 

control techniques also have their own issues whether it be costly to implement, 

community resistance such as releasing genetically modified organisms, or resistance 

developing if used without rotation. The use of endectocides, however, are unique 

among these control tools, as they are widely accepted by communities, resistance to 

target mosquitoes has not been characterized, and the use of them preferentially 

targets only hematophagous insects.   

1.5 Exploring endectocides for mosquito control 

 Endectocides are drugs which are efficacious against endo- and ectoparasites. 

The most successful endectocide, ivermectin, was discovered by Satoshi Õmura and 

William Campbell in 1973, and is derived from a fermentation byproduct of 
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Streptomyces avermectinius that was isolated from a soil sample collected near a golf 

course in Japan175. The avermectin and milbemycin macrocyclic lactone class of drugs 

exhibited broad spectrum activity against parasites and arthropods alike, opening up 

treatment options for both veterinary and human diseases of which few drugs existed 

previously. Endectocides work by targeting specific nerve channels in endo- and 

ectoparasites, some of which may be absent from humans and other vertebrate 

animals. Alternatively, neuronal channels in invertebrate neurons can be or are far more 

sensitive to the drug compared to those in vertebrates. These characteristics make 

endectocides an epidemiologically unique drug by having the ability to treat not only 

hematophagous ectoparasites, but filarial, round, and hookworm infections in the 

gastrointestinal tracts and circulatory system178–182. 

 The most commonly used endectocidal drug come from several different 

chemical groups, the macrocyclic lactone milbemycins and avermectins and their semi 

–synthetic derivatives, the isoxazolines, the neonicotinoids, and the phenylpyrazoles. 

Avermectins, such as ivermectin (IVM), target the glutamate-gated chloride channels, 

responsible for signaling the relaxation pathways of muscles in mosquitoes. The drugs 

force the channel open, causing the mosquito to die by flaccid paralysis178,179. IVM was 

first studied for mosquito control as early as 1985 when MK-933 (IVM) in saline was 

subcutaneously injected into mice, and shown to be effective at killing An. stephensi, 

Cx. pipiens, and to a lesser degree Ae. aegypti that blood fed on the treated animals183. 

After several similar studies, IVM’s efficacy on mosquitoes from the field was first 

observed by research groups using IVM for filariasis control, where they observed IVM-

based mosquitocidal effects on mosquitoes like An. punctulatus that were captured in 
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the houses of treated people184. Isoxazoline-based drugs, such as fluralaner, act as 

gamma-aminobutyric acid (GABA) channel antagonists, forcing closure of the 

mosquito’s GABA channels, which are responsible for inhibiting excitatory signals to the 

muscles, and causing the mosquito to die via rigid paralysis185. Additionally, 

phenylpyrazoles, such as fipronil, also target the GABA channels, however fipronil 

targets the same area of the GABA channel targeted by dieldrin, an organochlorine 

insecticide, and cross-resistance has been suggested in An. stephensi186. The cross-

resistance issue of fipronil as well as safety concerns have so far limited 

phenylpyrazoles use as endectocides, and similar issues have been observed with 

isoxolazines like fluralaner, which has been linked to neurological toxicity in mammals. 

Neonicotinoids, such as imidacloprid, are nicotinic acetylcholine receptor agonists, 

causing paralysis in mosquitoes, leading to death187. These insecticides have exhibited 

safety in mammals, indicating selectivity for insect nicotinic receptors over mammalian 

ones188. Additionally, neonicotinoids, such as clothianidin, have been added to IRS 

chemistries to enhance their mosquitocidal properties99. On the other hand, IVM’s 

approval and widespread use in human medicine for controlling diseases such as 

lymphatic filariasis, onchocerciasis and scabies, has facilitated its testing as a first-in-

class endectocidal drug for targeting adult mosquitoes via their blood feeding habit to 

limit malaria and arbovirus transmission177,189–191. It may be expected that other 

developing endectocides could follow similar testing. A new isoxazoline, lotilaner, has 

recently been approved for the treatment of Demodex mite infestations in human 

eyelashes174. Lotilaner, then is a first-in-class human medication which has been 
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approved by the FDA, perhaps opening the door for mass drug administrations of the 

drug to control pathogens transmitted by mosquitoes or other blood feeding arthropods. 

 In addition to MDAs, researchers have developed novel applications of 

endectocides in forms other than systemic drugs. Tenywa et al described a novel 

application of IVM in an ATSB, targeting An. arabiensis, a mosquito which is a member 

of the An. gambiae s.l. complex105. They found that the ATSBs were more likely to 

attract mosquitoes if they were located outside, next to vegetation as opposed to inside 

a home, however, mosquitoes still visited the ATSBs inside when people were sleeping 

under a bed net105. The IVM concentration in the ATSB, 0.01%, was enough to illicit a 

95% killing effect in wild type An. arabiensis105. In addition to the ATSBs, industry has 

developed both abamectin, an avermectin derivative, and an isoxazoline for use in ULV 

and IRS applications, respectively192,193. ReMoa-Tri® is a novel triple-action insecticide 

developed by Valent Bioscience containing abamectin, fenpropathrin, and a fatty acid, 

and applied via ULV spraying 192,194. The application of this novel insecticide resulted in 

up to 100% mortality of pyrethroid-resistant Cx. quinquefasciatus Collier strain and 

89.82% mortality of pyrethroid-resistant Ae. aegypti Collier strain after 24-hours post-

application 192,195. Syngenta also has recently released an isoxazoline-based product for 

use in IRS193,196. While little information has been shared, the company states it has 

submitted the product to the WHO Pre-qualification program193. Currently, IVM MDA is 

not approved for individuals who are pregnant, or breast feeding an infant younger than 

one week old, or children under 15kg. By utilizing the IRS or the ULV application of 

endectocides, those individuals would be protected. However, the continued use of 

endectocides without providing a rotation of products which contain active ingredients 
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with different modes of action could result in resistance developing within the 

population. But these distribution methods of endectocides can fill a gap where the 

traditional method of application, MDA, tends to fall short, however they also run the risk 

fostering resistance to critical drugs used in human and veterinary medicine. 

Importantly, researchers have identified a potential resistance mechanism to IVM in An. 

gambiae and mutations to the glutamate-gated chloride channel was described in 

Pediculus humanus capitis in Iran in 2025, bringing the question if IVM resistance 

development is a distant or current issue197,198.  

Currently, IVM-based endectocide approaches are being tested for their ability to 

lower malaria prevalence or incidence by targeting local Anopheles populations across 

Africa and southeast Asia to reduce parasite transmission170,191,199–208. Our current 

understanding of IVM effectiveness against An. gambiae has been well documented 

and studies show it is extremely susceptible to IVM concentrations easily achieved in 

the blood given typical dosing schedules, with a reported seven day LC50 as low as 3.4 

ng/mL204. However, many of these studies relied on membrane feeding assays of 

mosquitoes with IVM dissolved in dimethylsulfoxide (DMSO) then added to blood, rather 

that feeding blood from treated patients204,209–211. With the promising PKPD results from 

the studies testing different IVM doses and feeding mosquitoes directly on participant 

blood, several clinical trials where initiated to elucidate MDA safety and efficacy for 

lowering malaria incidence or prevalence in treated communities170,199,204–207.  

The RIMDAMAL clinical trial was small, cluster-randomized control trial 

performed in villages of southwestern Burkina Faso. Foy et al observed a significant 

decrease in malaria incidence rates in the intervention arm when compared to the 
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control arm using repeated MDAs with a single 150-200µg/kg dose of IVM over the 

course of one rainy season. The intervention arm MDAs were repeated every 3 weeks 

for a total of 18 weeks, and the first MDA, which was given to both the intervention and 

control arm, was paired with albendazole, an anthelmintic drug199. 212,213. 

In the IVERMAL clinic-based trial conducted in Kisumu, Kenya, a 300 or 

600µg/kg dose of IVM for three days was paired with the standard three-day course of 

dihydroartemisinin-piperaquine (DHA-P). This was a combination treatment regimen for 

adult participants who were experiencing uncomplicated malaria with the primary goal of 

testing the safety and mosquitocidal properties over the three-day course while co-

administered with malaria treatment204,214. Participants’ whole blood was obtained at 

various time points up to 28-days post treatment, and An. gambiae (Kisumu strain) were 

offered the treated blood via standard membrane feeds204. Mosquitoes were observed 

every 24 hours post feed for 28 days and mortality was recorded to assess the 

mosquitocidal activity of the paired drug mixture204. Smit et al found that more non 

severe adverse events were associated with the 600µg/kg dose of IVM when compared 

to the placebo and the 300µg/kg dose, but mosquitocidal activity in the 600µg/kg was 

more pronounced using participants’ blood obtained 14-days post-treatment than the 

300µg/kg dose204. A pharmacokinetics model of the 300µg/kg for three days dosing 

procedure was then constructed, and further verified, which suggested the dose allowed 

for a longer IVM venous concentration than the traditional one-time 400µg/kg of IVM 

treatment214,215. 

 Elements of the IVERMAL clinical trial were then used in The Gambiae in a field-

based clinical trial dubbed MASSIV205,216, which similarly used 300µg/kg IVM paired 
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with DHA-P but given to thousands of villagers to test the primary hypothesis that this 

MDA strategy could reduce malaria prevalence in the treated communities relative to 

controls205. Secondary entomology outcomes were to analyze the difference in An. 

gambiae parity rates and sporozoite rates between the control and intervention 

villages205,216. Investigators found there was a significant decrease of malaria 

prevalence in the intervention arm when compared to the control arm of the trial, but the 

control arm neither received IVM nor DHA-P, so it was not clear if the effect was due to 

the endectocide or the antimalarial drugs205. The sporozoite rates within An. gambiae 

s.l. were similar between arms, however the entomological inoculation rate was 

significantly lower in the intervention arm when compared to the control arm and the 

parity rate was unaffected in both arms, contrary to former studies205,209,217,218. It should 

be noted that field-based clinical trials such as RIMDAMAL and MASSIV provide more 

realistic results of an intervention as it is given in a community with few exclusions and 

limitations asked of the populace, but inherently have many confounders too, for 

example, the wild mosquitoes have access to any bloodmeal source in the community. 

Mosquitoes which were considered parous could have taken meals from animals or 

humans which did not get treatment, which would add parity bias to the population as 

IVM is known to have mosquitocidal effects, killing off mosquitoes which may have been 

nulliparous.  

The Broad One Health Endectocide-based Malaria Intervention in Africa 

(BOHEMIA) was another field-based clinical trial aiming to treat both humans and 

livestock with IVM alone in both Mozambique and Kenya206. Currently, no outcomes 

have been published, however the primary objectives, inclusion, and exclusion criteria 



29 

 

have been reported206. Similarly, the MATAMAL field-based clinical trial aimed to reduce 

malaria prevalence in communities by combining the 300µg/kg for three-days IVM MDA 

dose with DHA-P MDA in islands of the Bijagos Archipeligo of Guinea-Bissau. Thus, this 

trial was similar to the MASSIV trial, but with the control arm receiving IVM MDA only, so 

it allowed for discernment of the effects of IVM MDA from the DHA-P MDA on the 

primary outcome. The main entomological outcome was Anopheles parity rates 

however, the entomological survey only occurred once during the clinical trial, occurring 

between one- to two-weeks after the last MDA207. This clinical trial found that combining 

IVM MDA to DHA-P MDA did not result in lowered malaria prevalence compared to IVM 

MDA alone207. Additionally, Anopheles parity was not significantly different between the 

treatment and control arms207. A major confounder of both the BOHEMIA and MATAMAL 

trials that likely influenced the results were the timing of each MDA, which were not 

tightly controlled between people and clusters in the arms in a limited space of days but 

rather took weeks to complete. This meant that many people in the same arm were 

treated early in each MDA round and many treated late in each round, and so relatively 

few people in each cluster and arm had maximum concentrations of drug in their bodies 

at any one time over each MDA, which limited the probability of a mosquito to ingest a 

lethal blood meal on any given day. 

The RIMDAMAL II field-based clinical trial was the only phase III study that aimed 

to reduce malaria incidence rates, with a focus on children ten-years-old and younger. 

Furthermore, the trial was designed to integrate the 300µg/kg for three-days IVM MDA 

dosing strategy with government-led monthly SMC distributions to children 3-59 

months170,219. In addition to the primary outcome, secondary outcomes including the 
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force of infection, mosquito anti-saliva antibody concentration in participants, mosquito 

population calendar age, and the pharmacokinetics and pharmacodynamics of human 

processed IVM170,219. Entomological collections occurred twice during each MDA period, 

seven- and 21-days post MDA, using both CDC light traps and aspiration of mosquitoes 

residing inside homes170,219.  

The trial found that the malaria incidence rates in children remained the same 

between both arms, however malaria incidence rates and mosquito captures in both 

arms were significantly reduced in year two when compared to year one170. The 

reduction in these numbers were likely due to the introduction and distribution of the 

IG2® bed nets in communities of both arms, which were developed to combat the rising 

IR found within An. gambiae169,170. Mosquito survivorship of fully engorged females 

captured via house aspiration was examined and it was found that the mosquitocidal 

activity of IVM waned after 21-days, contrasting to what was reported from the 

IVERMAL and MASSIV trials 170,204,216. The RIMDAMAL II study additionally observed a 

novel concept in the mosquito-Plasmodium relationship whereby differences were 

observed in the type of Plasmodium species successfully developing in An. gambiae vs. 

An. funestus, a secondary vector in Burkina Faso220. In short, Lado et al found that P. 

falciparum was more prevalent in the salivary glands in An. gambiae s.l. populations 

while P. ovale was significantly more prevalent in An. funestus, despite that the midguts 

of both complexes had similar exposure to the same parasites in their bloomeals220. 

This suggests that the two mosquito species may have differential vector competence 

for different species of the parasite 220.   
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While IVM has been mainly investigated as a malaria control tool, our lab have 

also been researching its potential to control WNV transmission in the United States221–

223. It was found that the LC50 of IVM dissolved in DMSO and then added blood for Cx. 

tarsalis was 49.94ng/mL, when compared to the 20ng/mL for An. gambiae, suggesting 

that while Cx. tarsalis are not as susceptible to IVM as An. gambiae, this concentration 

is in the range that may be achieved with safe treatment doses for avian hosts which 

are the primary blood sources for this species204,223. When Cx. tarsalis was fed on 

chickens which had consumed 200mg/kg of IVM in their feed, mosquito mortality 

reached 95%, with no adverse effects noted for the chickens223. This trend was 

replicated when the mosquitoes were directly fed on wild caught Eurasian Collared 

Doves which also had consumed the 200mg/kg of IVM in feed, suggesting that the 

treatment of wild birds of IVM may be possible to lower WNV transmission rates223. A 

model was then created which indicated that IVM-treated birdseed in feeders may be 

able reduce WNV transmission during the season if certain parameters of coverage and 

mosquito killing are met, thereby reducing the human infections222. With these data, our 

lab paired with colleagues at University of California – Davis and have initiated field 

trials of IVM coated birdseed with the primary objective of lowering the WNV vector 

index around households where IVM-treated birdseed is supplied throughout the mid to 

late summer weeks in bird feeders. Several entomological outcomes are being 

assessed in this trial, including measures of Cx. tarsalis age using a novel mosquito 

population age-grading technique. 
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 1.6 Mosquito population age-grading 

 A mosquito’s age directly influences the probability of its ability to be infectious 

due to the EIP of mosquito-borne pathogens. As stated previously, the EIP is a range 

that is different for every pathogen and mosquito species but is governed by the time a 

pathogen needs to either escape from or mature in the mosquito midgut and then 

invade the salivary glands where it can be transmitted via the saliva upon a subsequent 

bite from the mosquito. Thus, the older a mosquito is, the higher the risk is for its ability 

to transmit a pathogen, should it be infected to begin with. In 1912, Perry observed that 

Anopheles which had more wing wear were more likely to have sporozoites within their 

salivary glands224. This discovery started the idea of simple age-grading of mosquitoes 

to quantify pathogen transmission risk by placing the mosquitoes into morphological 

bins estimating their age224. Perry’s method however fell out of favor, in lieu of the 

technique first described by Detinova for measuring mosquito parity rates by 

characterizing the state of the tracheoles on ovarioles of each ovary, which are tightly 

coiled if the mosquito has never produced a batch of eggs or uncoiled and extended, 

indicating she has likely blood fed and undergone at least one gonotrophic cycle225. This 

method, however, is qualitative, only placing mosquitoes into parous or nulliparous 

states, and so does not allow for accurate estimations of a mosquito’s calendar age nor 

the infectiousness of the mosquito population. It is also highly technical, requiring the 

user to dissect ovaries and observe them under magnification. The qualitative nature of 

the Dentinova technique was somewhat mitigated by the Polovodova technique, which 

can determine the number of previous gonotrophic cycles by counting dilatations, or the 

number of egg sac stage relics, on the ovarioles226. However, this method is even more 
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technical and time consuming to perform. Additionally, these methods cannot be used 

on some mosquito species as they can be autogenous, having the ability to produce a 

clutch of eggs without imbibing a blood meal49,51. Thus, novel, quantitative age-grading 

techniques are needed to better understand mosquito population age dynamics. 

 In 1986, a novel method of age-grading insects was described by analyzing the 

accumulation of pteridines on Stomoxys calcitrans227. It was found that this method may 

be useful in age-grading An. gambiae and An. stephensi, however, it was found that 

pteridine fluorescence levels in Ae. polynesiensis and Cx. quinquefasciatus were below 

the level of quantification when using a spectrofluorometer228,229. In lieu of the pteridine 

method, researchers started to evaluate the use of cuticular hydrocarbons via gas 

chromatography230,231. Cuticular hydrocarbons are responsible for preventing water loss 

and they could be associated with an increase in age232. This method was able to 

predict age of Aedes mosquitoes up to 15 days, after which the robustness of the 

method faltered230,231. However such biochemical analysis methods are not practical for 

age grading mosquito populations due to their high cost per sample or lack of 

sensitivity54. 

 With the advent of reverse transcription quantitative PCR (RT-qPCR), genomic 

age-grading techniques have also been explored233–235. Cook et al. observed an age-

related increase in gene expression in Sarcoplasmic calcium binding protein 1 (SCP-1) 

in lab reared Ae. aegypti Cairns strain, and then tested wild, field collected eggs that 

were allowed to hatch then held in outdoor mesocosms where mosquitoes were 

collected every four days233. It was found that by combining the quantification of 

transcripts of the SCP-1 gene with three others, wild Ae. aegypti age interpolations 
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could occur up to 20 days233. It was found that ambient temperature, however, can 

influence transcription of the SCP-1 gene, suggesting that environmental factors will 

lead to inaccurate interpolation of wild mosquitoes unless a model was developed at the 

same temperature ranges that wild mosquitoes experienced234. It was then proposed to 

use a season-specific model to circumvent the ambient temperature issues236. However, 

current models could shift due to local climates and a model would need to be 

developed for every climate, and species-specific models where mosquito populations 

are located. This, plus the cost of RNA extractions and molecular testing per mosquito 

could be an expensive and impractical solution for end users such as mosquito control 

districts who would need to reevaluate their model every few years. 

 Since biochemical and genomic approaches to mosquito age-grading have fallen 

out of favor, researchers have started to investigate using near-infrared (NIRS) and mid-

infrared (MIRS) spectroscopy as rapid chemometric methods for age-grading237–240. 

NIRS was found to accurately estimate if An. arabiensis (89%) and An. gambiae  (78%) 

were less than seven or greater than seven days old while wild An. gambiae s.l. could 

be predicted with 90% accuracy, however this method showed a high individual 

mosquito error238. Additionally, Liebman et al. found that larval and adult diets in Ae. 

aegypti influenced NIRS output, suggesting that a developed model may only be useful 

for one breeding site due to changes in larval food type and availability241. Nonetheless, 

researchers are attempting to refine their models using machine learning methods to 

provide an unbiased estimate of the NIRS and MIR output239. as well as be a tool for 

rapid speciation of the scanned mosquitoes240,242. One MIRS study found that Ae. 

aegypti could accurately (95-97%) be placed into two and ten day old bins, however the 
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researchers only examined mosquitoes which were two and ten days old, possibly 

introducing bias into their study, but this provided proof of concept240. Interestingly 

another group investigated MIRS’ ability to speciate An. gambiae s.s, and An. 

arabiensis, both of which belong to the An. gambiae s.l. complex due to being 

morphologically identical242. They found that MIRS could accurately speciate An. 

gambiae s.s. and An. arabiensis 76.8 and 76.6% of the time, respectively242. However, 

when using MIRS to interpolate age, it was found that the method was only accurate at 

describing young (one day) and old (15 day) mosquitoes, but the models were not 

accurate when describing the intermediate ages242. While NIRS and MIRS are 

promising methods, it has been shown that they can be skewed depending on mosquito 

age and diet241,242. Additionally, chemometric based age-grading method outputs are 

currently binary, placing mosquitoes into young or old categories, which will result in 

potentially infectious mosquitoes being missed. To re-simplify this field, we envision a 

reimagining of Perry’s method of analyzing wing wear so that it could have the potential 

to rapidly and better interpolate mosquito population age for assessing mosquito borne 

disease risk for researchers and mosquito control districts. 

 To this end, Gray et al first quantified Perry’s qualitative method of identifying 

older mosquitoes based on wing wear by taking wing micrographs from different-aged 

adult female An. gambiae and counting the long wing scales remaining on the wing 

fringe243. These initial experiments were conducted on mosquitoes of known age, and it 

was found that the long wing scale loss was associated with age and mosquito 

populations. Furthermore, the technique could distinguish age groupings of mosquitoes 

better than parity analysis and was able to distinguish continuously maintained lab 
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populations that were fed a sublethal dose of IVM compared to untreated controls.  The 

treated population had more of these long wing scales than the control mosquito 

population, suggesting that the IVM treated population was younger than the control 

population243. Nonetheless, the method of human counting wing scales on many wing 

photos was tedious and human-error prone, so we investigated computer vision 

algorithms to better perform this method. The most accurate algorithm analyzed the 

pixels on each wing photo and gave each pixel an intensity value from black to white. As 

the mosquito flies during aging, the dark scales relative to the clear wing are lost and 

the summary score of the wing picture pixel intensity become whiter. By analyzing the 

pixel intensity values, models were able to accurately predict a pixel intensity cut off in 

which an individual mosquito could be above or below the known malaria EIP,  

approximately ten days243. 

1.7 Summary 

This chapter reviews the transmission of mosquito borne disease, while focusing 

on malaria transmission in West Africa and WNV transmission in the US, key 

epidemiological methods on mosquito-borne disease transmission, mosquito 

surveillance methods, mosquito control techniques and their evolution amidst rising IR 

issues, and how age-grading can enhance mosquito surveillance and mosquito-borne 

pathogen transmission. 

However, the current literature is lacking in understanding of the mosquitocidal 

properties of only human processed IVM. The IVERMAL, MASSIV, and MATAMAL 

clinical trials paired IVM with DHA-P. While IVERMAL measured their entomological 

outcomes with mosquito mortality, they did so in the presence of DHA-P. Additionally, 
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the MASSIV and MATAMAL trial measured their entomological impacts in the form of 

parity, not mosquito mortality, and IVM has been reported to reduce parity in An. 

gambiae s.l.244.  

The field is also lacking in the development of a consistent, high-throughput, and 

simple age-grading tool which can be used by researchers and mosquito control experts 

alike. Current age-grading techniques can only accurately distinguish between old and 

young mosquitoes, which resemble the Detinova parity method. New methods are being 

examined which pair machine learning techniques with MIRS, resulting in exceptional 

accuracy, however, these methods would leave out those who do not have access 

spectrometers or advanced processing systems245.  

Understanding the pharmacodynamics of human processed IVM, without DHA-P, 

is necessary to understand if the endectocide treatment is a valid control method, which 

could result in a novel approach to mosquito control. Furthermore, while Perry’s method 

of wing degradation was a qualitative approach, identifying wing degradation and wing 

scale loss over time would be a quantitative approach to develop a novel age-grading 

method, which would be accessible to mosquito control experts and academics alike. 

These areas of research will broaden our knowledge of mosquito control efforts, in both 

the development of novel control tools and the development of better ways to 

interpolate the age of wild mosquitoes. 

  



38 

 

CHAPTER 2: PHARMACOKINETICS AND FEEDING EFFECTS OF HUMAN 

PROCESSED IVERMECTIN ON ANOPHELES GAMBIAE G3 

 
 
 

2.1 Introduction 

 The global burden of malaria in 2023 was estimated to be 263 million infections 

and 597,000 deaths, with most cases and deaths occurring in sub-Saharan Africa31. The 

predominant vectors within the continent are the Anopheles gambiae complex, An. 

funestus, and the invasive An. stephensi8,246,247. Current “gold-standard” control 

methods rely on indoor residual spraying (IRS) of pyrethroids, while simultaneously 

using insecticide treated bed nets (ITNs), preventing an estimated 663 million cases 

between 2000 and 2015168,248–252. However extended use of these methods over the 

last 25 years has resulted in insecticide resistance and population behavior changes, 

such as altered feeding locations and time, whereby many vector populations have 

shifted their blood feeding to outside of the home or during crepuscular periods when 

individuals are not sleeping115,124,253,254. To counter insecticide resistance (IR), new IRS 

and ITN chemistries have been developed, as well as new formulations with 

combinations of two different insecticides with different modes of actions or insecticide 

paired with a synergist. The development and implementation of dual chemistry ITNs, 

using two different active ingredients with different modes of action has been proven to 

be effective in affecting IR mosquito populations and reducing malaria infection rates in 

many situations169,249–251. For new IRS chemistries, some applications have had a 

positive effect while others have resulted in the rise of transmission by resistant 

populations. For example, when new IRS chemistries based on clothianidin were used 
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in southeast Uganda following years of using organophosphate-based IRS, the region 

experienced a dramatic rebound of malaria due to clothianidin-resistant An. 

funestus255,256. Given the uncertainty of success of simply using older control tools with 

new formulations, entire new control mechanisms need to be developed and 

researched to maintain or improve current malaria control efforts. 

 Endectocides such as avermectins and isoxazolines could be one of these new 

control mechanisms. These are mosquitocidal drugs that can be administered safely to 

animals and humans and are directly ingested by mosquitoes during blood feeding on 

the treated host, so they do not rely on contact and absorption through the cuticle. 

Endectocides also can have different targets or modes of action from current approved 

insecticides used for IRS and on ITNs, so they may be able to circumvent insecticide 

resistance issues the region faces178,191,257. Ivermectin (IVM), an avermectin derivative, 

is the primary anthelmintic drug used to control filarial worms in humans and has been 

shown to be particularly efficacious against anophelines201. IVM exhibits mosquitocidal 

effects in the range of nanograms per milliliter of blood ingested, while also reducing 

fecundity and blood feeding frequency of mosquitoes that imbibe a sublethal 

dose210,258,259. Furthermore, IVM has been utilized for decades in mass drug 

administrations (MDAs) as an antihelminth drug for many of the same rural African 

populations that are also afflicted with malaria, and so is known and accepted by the 

these communities as a drug that benefits their health260,261. For these reasons, IVM is 

being studied as the first-in-class endectocidal drug for malaria control261.  

 Initially, in vitro studies relied on dissolving powdered IVM into dimethylsulfoxide, 

mixing it into blood, then offering the drug and blood mixture to mosquitoes using 
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artificial blood feeding devices262,263. These studies indicated that IVM was a valuable 

candidate for mosquito control and subsequently moved from in vitro to in vivo studies, 

first with treated animals and then with treated humans, such as the IVERMAL trial 

which demonstrated human processed IVM is as or more effective as the in vitro 

studies264,265. Recently, clinical trials of differing designs have been conducted across 

Africa to elucidate the effectiveness of IVM on a population-level scale. These studies 

include IVM plus an antimalarial treatment (MASSIV), IVM coupled with seasonal 

malaria chemoprevention distributions to children (RIMDAMAL II), and IVM treatment of 

both humans and livestock (BOHEMIA),170,199,206,216.  

 IVM has a relatively short half-life in human plasma post-treatment, thus 

modifications to the dosing or formulation are necessary to increase the duration of the 

drug or its mosquitocidal metabolites within the blood of treated individuals so that the 

mosquitocidal effect is long-lasting and might have maximum efficacy against the 

population of biting mosquitoes. In 2020, Slater et al. modeled the difference between a 

dosing regimen of one 400 µg/kg treatment and 300 µg/kg per day for three days from 

data collected in the IVERMAL trial and found that the 300 µg/kg taken sequentially for 

three days would retain its mosquitocidal effects for up to 28 days215. This dosing 

regimen was utilized for the RIMDAMAL II clinical trial, which had a primary outcome of 

lowering the malaria incidence rates within children170. In the RIMDAMAL II trial, 14 

clusters (villages) in southwestern Burkina Faso were recruited, randomized, and 

allocated into two arms (placebo and intervention). The trial was conducted during 

sequential wet seasons (from July to November) in 2019 and 2020 where four MDAs 

were administered each season (eight total MDAs). Entomological testing occurred in 
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six of the 14 villages. During the final MDA period in 2020, 178 participants from six 

villages (three placebo; three intervention) were recruited for serial plasma collection 

before, during, and after the MDA took place on days 0, 2, 4, 7, 14, and 28. The goal of 

these plasma collections was to understand population-level differences in the 

pharmacokinetics of IVM in study participants, and compare it to the pharmacodynamics 

of the drug on mosquitoes. For this latter goal, we fed lab-reared An. gambiae (G3 

strain) mosquitoes participant plasma mixed with red blood cells via artificial membrane 

feeders.  

 

2.2 Results 

2.2.1 Pharmacodynamics of ivermectin from RIMDAMAL II participants on An. gambiae 

Our first experiments were designed to discern mosquito survival for 15 days 

following ingestion of plasma collected from 9 different participants across all time 

periods. Grouping all participant data together by time periods, An. gambiae (G3 strain) 

mosquitoes which fed on bloodmeals containing participant plasma exhibited significant 

mortality relative to controls when fed on plasma collected at 2-, 4-, and 7-days post 

IVM treatment. By day 11, all mosquitoes (n=269) which imbibed the day-2 plasma died, 

with the most pronounced effect occurring by day 3 where only 5.2% (14/269) were still 

alive. Additionally, mosquitoes which fed on plasma collected on days 4 and 7 exhibited 

survival rates of 18.7% (52/278) and 43.1% (175/406) by day 3 and 6.5% (18/278) and 

3.9% (16/406) survival rates by day 15, respectively (Figure 2.1). Finally, mosquitoes 

which fed on plasma collected on days 14, and 28 had 3-day survival rates of 73.9% 
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(193/261) and 83.1% (256/308) and 15-day survival rates of 22.6% (59/261) and 18.5% 

(57/308) respectively (Table 2.1, Figure 2.1). 

 

 

When compared to the placebo arm controls, there was a modestly higher, but 

significant, mosquito survivorship when mosquitoes fed on plasma obtained from 

participants on days 0 and 28, but a significant decrease in survivorship from feeding on 

Table 2.1: Mosquito survival on day 3 and 15 post-bloodmeal 
Plasma Day 3 survival % Day 15 survival % 

Placebo1  76.3 (316/414) 17.4 (72/414) 
D0  87.5 (259/296) 34.1 (101/296) 
D2  5.2 (14/269) 0 (0/269) 
D4  18.7 (52/278) 6.5 (18/278) 
D7  43.1 (175/406) 3.9 (16/406) 
D14  73.9 (193/261) 22.6 (59/261) 
D28  83.1 (256/308) 18.5 (57/308) 
1Placebo participants’ (n=9) D0 plasma was tested alongside plasma from 
intervention arm participants. One placebo participant was examined per intervention 
participant, which was age and sex matched.  

Figure 2.1: Mosquito survival over time after consumption of IVM in blood 
plasma. Mosquito mortality of all participants (n = 9) of the IVM MDAs. Placebo 
participants (n = 9) were those given placebo IVM MDA and plasma was collected on 
day 0. 
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plasma collected on days 2, 4, and 7, with day 14 timepoint showing no significant 

difference at 15 days (Table 2.2). However, when comparing the treatment arm controls 

(day 0) to all other treatment times, there was a significant decrease in mosquito 

survivorship at 15 days (Table 2.2). 

We then conducted an analysis of mosquito hazard ratios (HR) from groups that 

imbibed participant plasma collected at the set timepoints post-IVM treatment relative to 

plasma taken from the participants prior to ingesting the first treatment (Figure 2.2). The 

highest HR was observed at 2-days post-IVM treatment (HR = 13.17 [95% CI: 10.1-

17.17]). HRs on day 4 (HR = 4.88 [95% CI: 3.88-6.15]) and day 7 (HR = 3.12 [95% CI: 

2.59-3.75]) continued to show a strong mortality effect of the drug from participant 

plasma. Participant plasma obtained on days 14 (HR = 1.40 [95% CI: 1.14-1.72]) and 28 

(HR = 1.45 [95% CI: 1.07-1.36]) post-treatment showed a very modest but significant 

mosquitocidal effect from the remaining drug in participants’ plasma (Table 2.2) 

 

 

Figure 2.2: Blood Plasma Hazard Ratio. Mosquitoes which fed on 
blood plasma post IVM treatment in relation to mosquitoes which fed on 
plasma collected prior to IVM treatment. HR w/95% CI were calculated 
using Mantel-Haenszel.
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Table 2.2: Mosquito survival curve comparisons. 
Comparison p-value Change1  Comparis

on 
p-value Change1 

Placebo vs D0 <0.0001 Increased     

Placebo vs D2 <0.0001 Decreased  D0 vs D2 <0.0001 Decreased 

Placebo vs D4 <0.0001 Decreased  D0 vs D4 <0.0001 Decreased 

Placebo vs D7 <0.0001 Decreased  D0 vs D7 <0.0001 Decreased 

Placebo vs D14 0.4696 None  D0 vs D14 <0.0001 Decreased 

Placebo vs D28 0.0205 Increased  D0 vs D28 <0.0001 Decreased 

(DX = Day); Gehan-Breslow-Wilcoxon test used to analyze survival curves; 1The 
relationship between the survivorship of DX relative to D0 

 

2.2.2 Pharmacodynamic differences between participant sex and age 

Mosquito survival was then grouped by participant sex and age brackets (5-10, 

10-18, and ≥ 19) to identify if these demographic strata altered the pharmacodynamics 

of IVM. 

 Female participants’ plasma collected up to 7 days post-treatment caused 

significant mosquitocidal activity over 15 days after the bloodmeal when compared to 

female participants’ plasma taken at day 0, before the intervention occurred (table 2.3). 

The most pronounced effects of the drug on the mosquitoes occurred 3 days after the 

blood-meal with a survival rate of 5.4% (8/149) for mosquitoes which fed on plasma 

collected 2-days post-treatment. Mosquito survival rates 3 days post bloodmeal from 

female participants’ plasma collected on days 4 and 7 were 24.2% (43/178) and 39.8% 

(117/294), respectively (figure 2.3A).  

Male participants’ plasma exhibited significant mosquitocidal activity for all time 

points which plasma was drawn when compared to male participants’ plasma taken at 

day 0 (Table 2.3B). The most pronounced effect on mosquito survivability occurred three 
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days post-bloodmeal when mosquitoes fed upon plasma collected on days 2, 4, and 7 

post-treatment, with 5.0% (6/120), 9.0% (9/100) and 51.8% (58/112) survival, 

respectively (Figure 2.3B). 

Table 2.3: Sex differences of participants’ plasma on mosquito survivorship 

 Male1 Female2 

Comparison p-value Change3 p-value Change3 

D0 vs D2 <0.0001 Decreased <0.0001 Decreased 

D0 vs D4 <0.0001 Decreased <0.0001 Decreased 

D0 vs D7 <0.0001 Decreased <0.0001 Decreased 

D0 vs D14 <0.0001 Decreased 0.1824 None 

D0 vs D28 <0.0001 Decreased 0.4125 None 
1 n = 4; 2 n = 5; 3The relationship between the survivorship of DX relative to D0 
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Figure 2.3: Mosquito survival stratified by participant sex. (A) Plasma from 
participants who are biologically female (n = 5). (B) Plasma from participants 
biological males (n = 4).  
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We then analyzed mosquito survivorship based on plasma from participants 

grouped in age brackets (5-10, 10-18, and ≥ 19) regardless of sex and identified a 

significant decrease in mosquito survival in all comparisons against plasma drawn on 

day 0 except for 5–10-year-olds’ plasma from day 14 post-treatment and ≥19-year-olds' 

plasma from day 28 post-treatment (Table 2.4). Similar with all other analyses, 

mosquitoes which fed on plasma obtained 2 days post-treatment were associated with 

the most noticeable decrease in survival rates in all age groups, 10.9% (10/92) for 5-10-

year-olds, 2.4% (3/127) for 11-18-year-olds, and 3.8% (3/78) for ≥19-year-olds (Figure 

2.4).  

Table 2.4: Age differences of participants’ plasma on mosquito survivorship 

 5-101 11-182 ≥193 

Comparison p-value Change4 p-value Change p-value Change 

D0 vs D2 <0.0001 Decreased <0.0001 Decreased <0.0001 Decreased 

D0 vs D4 <0.0001 Decreased <0.0001 Decreased <0.0001 Decreased 

D0 vs D7 0.0207 Decreased <0.0001 Decreased <0.0001 Decreased 

D0 vs D14 0.6592 None <0.0001 Decreased <0.0001 Decreased 

D0 vs D28 0.0057 Decreased <0.0001 Decreased 0.1569 None 
1 n = 3; 2 n = 2; 3 n = 4; 4The relationship between the survivorship of DX relative to 
D0 
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Figure 2.4: Mosquito survival stratified by participant age. (A) Participants who 
were between the ages of 5-10 (n = 3). (B) Participants between the ages of 11 and 
18 (n = 2). (C) Participants 19 and older (n = 4).  
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2.2.3 Comparisons of pharmacokinetics and pharmacodynamics 

Analysis of mosquito survival figures over time showed a trend where 

mosquitocidal activity shifted with participant age. With participants who were 5-10 

years old, we observed mosquitocidal activity from their plasma only through day 4 

post-treatment. However, with participants who were 11-18 years old, mosquitocidal 

activity from their plasma was maintained through day 7 post-treatment and among 

participants ≥ 19 years old, mosquitocidal activity was maintained through day 14 

(Figure 2.4). To better understand this relationship, we investigated the participants’ IVM 

pharmacokinetics. All participants’ plasma tested had a venous IVM concentration that 

elicited a mosquitocidal effect on An. gambiae which fed on the plasma obtained on 

days 2 and 4 (Table 2.5). It was observed that IVM concentrations in plasma obtained 

on day 7 started to wane when the tested participants were between the ages of 5-18, 

yet levels still provided an observable effect (Table 2.5). However, venous IVM levels in 

plasma were below the limit of quantification (BLQ) (0.400 ng/mL) using liquid 

chromatography tandem mass spectrometry at 14 days post-treatment in participants in 

the 5–18-year-old bracket (Table 2.5). Furthermore, if the participant was ≥ 19 years old, 

IVM could be detected at least to day 14 and had a range of 1.361-15.899 ng/mL (Table 

2.5). It was found that except for 2 adult participants, venous IVM plasma 

concentrations were BLQ by day 28. 
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Table 2.5: Tested participants venous ivermectin plasma concentration.  
Sex 

 
Age Day 0 PK 

(ng/mL) 
Day 2 PK 
(ng/mL) 

Day 4 PK 
(ng/mL) 

Day 7 PK 
(ng/mL) 

Day 14 PK 
(ng/mL) 

Day 28 
PK 

(ng/mL) 
F 7 BLQ 78.124 8.831 1.902 BLQ BLQ 

F 13 NA 8.084 39.867 16.367 BLQ BLQ 

F 31 NA 172.297 27.083 174.843 9.372 BLQ 

F 41 0.467 78.012 31.637 17.127 4.147 0.455 

F 59 BLQ 96.822 13.009 7.084 1.361 BLQ 

M 6 BLQ 37.155 5.566 1.159 BLQ BLQ 

M 7 NA 44.887 7.345 2.133 BLQ BLQ 

M 18 NA 60.770 18.358 3.283 BLQ BLQ 

M 29 BLQ 277.73 118.285 75.303 15.899 1.251 

n = 9; (NA = Not Assayed, BLQ = Below the Limit of Quantification) 

 

 While comparing pharmacokinetics to pharmacodynamics using a mixed effects 

Cox proportional hazards model, it was determined that IVM blood concentration was a 

significant predictor of mosquito mortality. For every 1ng/mL increase in venous IVM 

concentration, the hazard ratio increased by 1.02 ([95% CI: 1.01-1.02], p < 0.0001). 

Additionally, it was found that as the age of the participant increased, there was a 

significant decrease in mosquito survivability ([HR: 0.993, 95% CI: 990-.996] p < 

0.0001). Finally, when mosquitoes fed on male participants with a detectable IVM 

concentration, the mosquitoes had a higher rate of survival than mosquitoes which fed 

on female participants that had similar concentrations of venous IVM ([HR: 0.999, 95% 

CI: 0.995-0.999], p = 0.0068).  

In further analyses, we conducted one-phase decay models since following the 

Cmax after the last dose is administered, IVM follows a 1st order pharmacokinetics model, 

identifying the half-life of venous IVM concentrations within our tested population with 

respect to both sex and age strata. We identified trends which correlate to what the 
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mixed effects model identified. Males venous IVM concentrations have a half-life of 1.6 

while female’s half-life is 2.9, suggesting that females retain IVM concentrations in their 

plasma for a longer period (Figure 2.5). Furthermore, when partitioning participants by 

age backet, the half-life of IVM concentrations was 0.7 days, 3.2 days, and 2.6 days in 

5-10-year-old, 11–18-year-old, and ≥ 19 olds, respectively (Figure 2.6). However, it 

should be noted that three of the four participants tested in the ≥ 19 age bracket were 

female, which could have influenced the trend. 

Figure 2.5: One phase decay model of IVM in participants stratified by sex. (A) 
Female participants IVM half-life (n = 5). (B) Male participants IVM half-life (n = 4). 
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Figure 2.6: One phase decay model of IVM in participants stratified by age. (A) 
Participants in the 5-10 age range IVM half-life (n = 3). (B) Participants in the 11-18 
age range IVM half-life (n = 2). (C) Participants 19 years and older IVM half-life (n = 
4). 
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2.2.4 Identifying mosquitoes partially feeding on participant plasma 

 While conducting the bloodmeals, it was observed that mosquito groups which 

were offered the reconstituted plasma collected between days 2-14 post-intervention 

had a higher proportion of mosquitoes which partially fed compared to the control group. 

Since it is impossible to differentiate mosquitoes which probed and decided not to feed 

versus mosquitoes which did not probe at all, we focused on mosquitoes which partially 

fed while the bloodmeal was offered (Figure 2.7). 

 

 

Figure 2.7: An. gambiae mosquito engorgement. From left to fight, mosquitoes 
were classified as fully fed, partially fed, and unfed. 
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Proportion analysis of partially engorged and fully engorged mosquitoes was 

conducted and significant differences  were found between mosquitoes which were 

offered plasma collected on day 0 and mosquitoes which were offered plasma collected 

on day 2 (p < 0.001), 4 (p = 0.001), 7 (p = 0.001), and 14 (p < 0.001) (Figure 2.8). 

However, when comparing the proportion of mosquitoes which were offered plasma 

collected on days 0 and 28, no difference was found (p = 0.816) (Figure 2.8).  

Furthermore, when comparing the feeding proportions with the participant 

pharmacokinetics, it was observed that participants have the highest IVM 

concentrations in day 2, 4, and 7 (Table 2.5). However, while day 14 had a significant 

increase in partially fed mosquitoes, most of the participants were BLQ (Table 2.5). 

Additionally, most of the participants had an IVM concentration BLQ on day 28 and four 

out of the nine participants had BLQ on day 0 (Table 2.5).  

 

Figure 2.8: An. gambiae participant plasma feeding proportions. The proportion 
of fully fed mosquitoes offered days 2 (p = 0.0009), 4 (p = 0.0098), 7 (p = 0.0012), 
and 14 (p < 0.0001) were significantly reduced compared to fully fed mosquitoes 
offered days 0 and 28 (p = 0.8158) participant plasma. Fisher’s exact test. 
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2.2.5 Bloodmeal identification of wild Anopheles gambiae sensu lato 

After identifying partially fed mosquitoes in the lab, we examined the bloodmeal 

contents of wild An. gambiae sensu lato captured from Burkina Faso during the 

RIMDAMAL II trial to discern if the partially feeding effect observed in the lab could be 

inferred by the blood meal contents of wild mosquitoes captured in households during 

the trial. It was found that in 2019, 78.1% (278/356) of engorged mosquitoes had human 

only bloodmeals, while 12.6% (45/356) had a mixed bloodmeal (containing both human 

and animal blood) and 9.3% (33/356) had a non-human meal. Among engorged 

mosquitoes captured in 2020, 80.8% (270/334) contained human only meals, 9.9% 

(33/334) of meals were mixed, and 9.3% (31/334) were non-human meals (Figure 2.9).  

 

We then compared blood meal proportions across years and found that 

proportions blood meal types were not significant between the two years. 50.73% 

(278/548) of human meals occurred in 2019, while 49.3% (270/548) occurred in 2020 (p 

= 0.76). We found a nonsignificant yet higher proportion of mixed meals in 2019 with 

57.7% (45/78) while 2020 accounted for 42.3% (33/78) (p = 0.21). Finally, there were 

Figure 2.9: Wild An. gambiae bloodmeal contents during the RIMDAMAL II 
clinical trial. (A) Proportions of bloodmeals analyzed in 2019. (B) Proportions of 
bloodmeals analyzed in 2020. 
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similar proportions of non-human bloodmeals with 51.6% (33/64) and 48.4% (31/64) 

occurring in 2019 and 2020, respectively (p = 0.90). 

During the trial, mosquitoes were captured twice between MDAs to assess if the 

IVM coverage was impacting mosquito populations over time. These collections took 

place one- and three-weeks post-MDA, thus these timeframes corresponded to 

differences in IVM present in most participants’ blood due to the drug’s 

pharmacokinetics, whereby at one-week post-MDA approximately 30 ng/mL IVM could 

be detected in treated participants, while at three-weeks post-MDA the drug was below 

the limit of quantification in most treated participants. Therefore, we examined the data 

based on the time the mosquitoes were captured post-MDA to discern if over time 

mosquito populations shifted from human only meals to mixed or non-human. We found 

there was no significance when comparing the total meals per collection period using a 

Tukey’s test (p = 0.76). We then conducted a binomial test to determine if there was any 

significant difference in the number of human bloodmeals across MDAs between the 

placebo and treatment villages (Table 2.6). It was found that there was a significant 

decrease in human blood-meal proportions in MDAs 2+3 and 4+1, respectively, when 

comparing intervention villages to placebo villages (p = 0.0361; 0.0004, respectively). 

Furthermore, there was a significant increase in human bloodmeals in MDA 6+3 in the 

intervention villages when comparing them to the placebo villages (p < 0.0001). 

However, no differences were found between the intervention and placebo villages 

during MDAs 1+3, 6+3, and 8+1. 
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Table 2.6: Differences in human bloodmeals from placebo and treatment arms 
by MDA 

MDA p-value Change1 

1+3 0.4341 None 

2+3 0.0361 Decrease 

4+1 0.0004 Decrease 

5+3 <0.0001 Increase 

6+3 0.5084 None 

8+1 0.8545 None 

Binomial test; Placebo villages were used as expected human bloodmeals stratified 
by MDA; 1Relationship of intervention arm compared to placebo 

 

2.3 Discussion 

 Here we described the pharmacodynamics of human processed IVM with respect 

to the RIMDAMAL II participant population, explored the differences in sex and age 

strata, identified a possible aversion to bloodmeals treated with IVM both in lab and wild 

mosquitoes, and compared the drug’s pharmacokinetics and pharmacodynamics 

among participants. 

 When discussing pharmacodynamics, it is important to consider the entire 

population being treated. Modeling suggests that a population treated with 300µg/kg of 

ivermectin delivered sequentially for three days should result in mosquitocidal activity 

against An. gambiae s.l. for up to 21 days post treatment and the highest activity at 

Cmax, which occurs two days and four hours post last treatment dose204,215. In 

agreement with the modeling, we observed greater mortality effects with plasma 

obtained from RIMDAMAL II participants on days two and four post intervention. These 

data are consistent with data obtained during the IVERMAL trial, which examined the 

efficacy of a 300µg/kg dose over three days against 600µg/kg over three days in 

combination with dihydroartemisinin-piperaquine to treat uncomplicated Plasmodium 

falciparum infections in adults204. However, RIMDAMAL II only administered IVM and 
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not dihydroartemisinin-piperaquine plus IVM concurrently170. Our HR reported here, at 

two days post-intervention, is higher than what was reported in the IVERMAL trial204. 

This could be due to differences in mosquito strains, from the co-administration of 

dihydroartemisinin-piperaquine, or the fact that the IVERMAL trial only studied adults 

presenting with malaria, while the RIMDAMAL II trail studied participants aged five and 

up irrespective of their malaria infection status170,204. One, or all, of these factors could 

have led to the discrepancy observed between the two HR. 

 Furthermore, these data suggest that sex and age have an impact on the 

pharmacodynamics of IVM with treated females exhibiting an extended mosquitocidal 

period of up to seven days post treatment while treated males had a less pronounced 

seven-day post treatment effect when compared to the controls. Ouédraogo et al. has 

also reported this relationship when testing uncomplicated P. falciparum infected 

participants, treating them with artemether-lumefantrine and IVM208. This was 

associated with their female participants having a higher mean BMI than male 

participants208. Since IVM is a lipophilic drug, individuals who have a higher BMI should 

have longer drug half-life266. 

With respect to age, the number of participants tested in the ranges 5-10 years 

old (n=3), 10-18 years old (n=2), and ≥ 19 years old (n=4) were small, and so may not 

yield definitive results, but the trend was towards longer mosquitocidal activity 

connected to longer pharmacodynamics of the drug in older individuals. Participants 

who were in the 5-10 years old age bracket exhibited mosquitocidal activity up to four-

days post intervention while those who were 10-18 years old showed mosquitocidal 

activity for up to seven-days post intervention. Finally, participants who were ≥ 19 years 
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old exhibited mosquitocidal activity up to 14-days post intervention. However, as stated 

before, of the four participants tested in the ≥ 19 bracket, three were female, which 

could have influenced this result. Consistent with our findings, a study conducted in 

Côte d’Ivoire observed the pharmacokinetics of IVM in school aged and pre-school 

aged children and found that children clear IVM quicker than adults which were given 

the same concentration per kilogram267. Furthermore, Brussee et al. also found that 

children had a higher median clearance of IVM than adults when a 200µg/kg dose was 

administered268. Before these data can be corroborated in the context of the 

RIMDAMAL II clinical trial, more plasma from participants, from both sexes, needs to be 

examined. Currently though, these data suggest that focusing treatment on older 

participants might be more effective for maximizing the duration of mosquitocidal activity 

against a village’s population of mosquitoes. 

  Upon comparing the observed aversion to blood feeding on plasma containing 

IVM in mosquitoes, it was evident that they were more likely to partially feed on plasma 

obtained on days 2, 4, 7, and 14 post-IVM treatment relative to the day 0 collection. 

However, there was no aversion to blood feeding on plasma collected on day 28. This 

suggests that there is some IVM detection followed by premature feeding termination or 

IVM-related feeding inhibition by actively feeding mosquitoes leading to partial feeding 

taking place within the lab mosquitoes at times when IVM concentrations are typically 

detectable in plasma. One possible mechanism of IVM detection could be sensilla that 

are found in the buccal cavity. Three of these structures were first identified by Day in 

1954 in Aedes aegypti and verified by Dapples and Lea in 1974 using a scanning 

electron microscope269–271. Day suggested these sensilla could be responsible for 
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detecting and determining the contents of a meal, leading to contraction or relaxation of 

the proventricular valve that determines whether the meal should be deposited in the 

ventral diverticulum (crop) if a sugar meal was ingested, or the midgut if a bloodmeal 

was imbibed269. These papillary sensilla could be responsible for sensing IVM or IVM 

metabolites in the blood, causing the mosquito to retract its proboscis and only imbibing 

a partial meal.  

 The future of endectocides for mosquito control depends on the use case. 

Currently, avermectin use in attractive toxic sugar baits (ATSB) are under development 

and are marketed in at least one ultra-low volume (ULV) spray product, but these 

products are not presently available for controlling malaria vectors in Africa105,192. 

Additionally, while no endectocides are currently approved for mass drug administration 

to control malaria, mass administration programs as their currently implemented leaves 

a sizable portion of the community without treatment due to caution in treating young 

children and pregnant women. However, ATSBs and ULV sprays are not without 

drawbacks. Both ATSB and ULV sprays are nonspecific, leading to nontarget arthropod 

death. Some of these issues can be circumvented by restricting sprays to night when 

mosquitoes are active but other arthropods may not be present.  

New endectocides are being tested for mosquito control, including isoxazoline 

drugs such as fluralaner and lotilaner176,272–275. Current data shows these drugs have 

much longer pharmacokinetic profiles in treated animals relative to IVM272,276–279. 

Furthermore, lotilaner has been approved for use in humans as a first-in-class 

medication for the treatment of Demodex Blepharitis, a barrier which previously has 

made clinical trials using isoxazolines difficult to conduct174. Additionally, there is 
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currently an isoxazoline drug approved for IRS, which could provide new avenues which 

companies can use these insecticides without the need to treat human populations193. 

 Ultimately, the future of mosquito control using endectocides would need to be a 

multifaceted approach. The data presented in this chapter indicates that during the 

RIMDAMAL II clinical trial, IVM treatment was sufficient to kill mosquitoes when 

compared to the control arm. Furthermore, among wild blood fed mosquitoes captured 

in households where participants were treated with IVM, those captured one week post-

MDA had lower survivorship than those captured three weeks post-MDA when venous 

IVM concentrations were mostly undetectable170.  However, the proportion of human 

bloodmeals fluctuated from MDA to MDA, indicating that wild An. gambiae was feeding 

on treated individuals, not avoiding them as suggested from the in vitro plasma assays. 

It is possible that the wild mosquitoes were not as deterred from imbibing IVM treated 

bloodmeals, potentially because IVM is used in MDA in this region for helminth control 

or the wild mosquitoes were insensitive to IVM due to documented IR170. 

Importantly, malaria and entomological inoculation rates (number of infectious 

bites per person per night) remained the same between the RIMDAMAL II trial arms170. 

This suggests that MDAs containing endectocides alone may not be enough to reduce 

malaria transmission unless the half-life of the drug can be increased, such as with the 

development of long-lasting injectable formulations for both animals and people280. 

Other new products that are being developed for use in areas outside of the home might 

also enhance IVM’s effect on outdoor biting mosquitoes, such as those using highly 

volatile pyrethroids (e.g. transfluthrin), as spatial repellents.  
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One use case may be to combine endectocide MDAs, ATSB to target sugar 

feeding, or measures inside the home (IRS, ITNs, and spatial repellents), as a multi-

targeted control tool to achieve desirable outcomes, such as a decline in malaria 

incidence. Additionally, we observed a decline in total mosquito numbers throughout 

2020 during the RIMDAMAL II clinical trial, which coincided to the use of the dual-

chemistry IG2® ITN’s170. The use of control mechanisms that contain different active 

ingredients which have different modes of action can also prevent resistance 

development, an issue which has plagued west Africa. 

Using just one or two of these control tools is not enough to result in a desirable 

change, and what works for one community might not work for others. However, using 

these tools together may result in outcomes which are favorable to reduce malaria 

transmission rates. Deployment of these tools together will require stronger surveillance 

efforts, including human-landing captures, identifying mosquito infection rates, 

understanding the extrinsic incubation period of different Plasmodium species, and 

better measures of mosquito population age structures. 

 

2.4 Methods and materials 

2.4.1 Blood Plasma Collection 

 Human venous blood was collected from a subset of participants (n = 178) in 

both intervention and placebo arms enrolled in the RIMDAMAL II clinical trial at set 

intervals following the last study MDA at days 0, 2, 4, 7, 14, and 28 post-ivermectin 

intervention (Table 2.7 & Figure 2.10). Blood samples were then centrifuged, plasma 

was placed in new containers and transported back to the laboratories of the Institute de 
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Recherche en Sciences de la Santé in Burkina Faso where they were stored at –80°C. 

They were eventually shipped to Yale University on dry ice for pharmacokinetics 

analysis, and then shipped to Colorado State University for pharmacodynamics 

analysis. Tested participants were chosen based age, sex, village, complete plasma 

panel, and quantity of plasma to ensure an even distribution across villages, age 

brackets, and sex.  

Figure 2.7: Participants’ plasma draws 

Village # of samples Sex breakdown Age Breakdown 

BG* 31 

Female = 19 5 – 10; (n = 9) 
Male = 12 11 - 18; (n = 10) 
 ≥19; (n = 12) 

MT 34 

Female = 15 5 - 10; (n = 11) 
Male = 19 11 - 18; (n = 11) 
 ≥19; (n = 12) 

DL 28 

Female = 17 5 - 10; (n = 7) 
Male = 11 11 - 18; (n = 10) 
 ≥19; (n = 11) 

NV 18 

Female = 10 5 - 10; (n = 5) 
Male = 8 11 - 18; (n = 3) 
 ≥19; (n = 10) 

GB* 36 

Female = 17 5 - 10; (n = 11) 
Male = 19 11 - 18; (n = 10) 
 ≥19; (n = 15) 

KP* 31 

Female = 15 5 - 10; (n = 9) 
Male = 16 11 - 18; (n = 9) 
 ≥19; (n = 13) 

*Treatment villages; n = 178 
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Figure 2.10: Google earth map showing the villages where the RIMDAMAL II clinical trial took place in Burkina Faso. 
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2.4.2 Mosquitoes 

 Anopheles gambiae G3 strain were reared in standard insectary conditions 

(12:12 light:dark, 28°C, and 75% relative humidity), housed at Colorado State 

University’s Center for Vector-borne Infectious Diseases. Larvae we given ground 

Tetramin® fish food and adults were provided with a constant supply of fresh water and 

sugar cubes. 

 

2.4.3 Reconstituting blood plasma, blood fed, and sorting  

 Defibrinated calf blood was chosen for this analysis as lab mosquitoes readily 

imbibe bovine bloodmeals. Additionally, since the blood types of our participants are 

unknown, this could have led to unwanted consequences of using human red blood 

cells (RBC) with unpaired plasma. 

Before blood feeding mosquitoes, 500µL of defibrinated calf blood (Colorado 

Serum Company) was centrifuged (Eppendorf 5430R) at 2500rcf for 1.5 minutes at 4°C 

to separate RBC from the plasma. Bovine plasma supernatant was pipetted and 

discarded. 100µL of bovine RBC pellet was transferred into a 1.5mL tube and 100µL of 

participant human blood plasma was added to create a 50/50 mixture of plasma to 

RBCs. The bovine RBC and human plasma mixture was then vortexed for five seconds 

and placed into a desktop microcentrifuge (USA Scientific) for one second to make the 

bloodmeal.  

Three-to five-day old An. gambiae mosquitoes were separated and retained in 

seven half gallon plastic bins, one bin for each of the intervention participants collected 

plasma (0, 2, 4, 7, 14, 28 days) and one bin was fed day 0 plasma from a participant 
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from a placebo village. The placebo participant was age and sex matched to the 

intervention participant. The placebo participant day zero plasma acted as a control to 

our intervention participants’ day zero plasma, in case our intervention participants’ 

plasma still contained trace amounts of IVM, which was the case for one participant. 

 Mosquitoes were starved of sugar and water for four hours prior to starting the 

bloodmeal. Mini glass feeders (Lillie Glassblowers, Smyrna, Georgia) were connected 

to a recirculating heated water bath (Fisherbrand Isotemp 4100), heated to 37°C, and 

feeders were filled with 200µL of the reconstituted blood. Mosquitoes were allowed to 

feed for one hour and then cold anesthetized for 1.5 minutes. Fully engorged females 

were sorted, counted, and retained in pint-sized paper ice cream containers. Partially 

and non-fed females were counted and discarded. Mosquitoes which were identified as 

non-feds were not utilized for any analysis as it is impossible to determine why the non-

feds did not imbibe blood. Retained mosquitoes were maintained at standard insectary 

conditions mentioned above with constant access to sugar cubes and water. 

Mosquitoes were observed every 24 hours where mortality was counted and recorded 

for 15 days. 

 

2.4.4 Bloodmeal analysis  

 Blood engorged An. gambiae s.l. were collected via aspiration from inside homes 

located in villages participating in the RIMDAMAL II clinical trial, 1 and 3 weeks after 

each IVM MDAs took place. Mosquitoes were selected at random from across six MDAs 

(3 occurring in 2019, and 3 occurring 2020) for blood-meal identification. Bloodmeal 

analysis followed the methods described by Kent and Norris48. Briefly, mosquitoes with 
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fully fed abdomens were homogenized and centrifuged. DNA was then extracted and 

purified using a Kingfisher Flex (ThermoFisher Scientific Inc.). Finally, a multiplex PCR 

amplified the cytochrome b mitochondrial gene within the bloodmeal. PCR products 

were then subjected to electrophoresis in a 1.5% gel to identify the host bloodmeal 

within the mosquito midgut. Gel electrophoresis ran at 90 volts for 45 minutes and was 

imaged on a BIO-RAD ChemiDoc MP Imaging System to identify the separate bands, 

which identifies if the bloodmeal originated from a human, dog, cow, pig, or goat host.   

 

2.4.5 Statistical Analysis 

The following analysis was conducted on Prism 10 (GraphPad version 10.10): 

Hazard ratios were calculated using a Mantel-Haenszel test as the assumption of 

proportional hazards was questionable due to the individual IVM concentrations within 

the participants and IVM effects at earlier time points. Gehan-Breslow-Wilcoxon test 

were used to test if the Mantel-Haenszel HR were significant, as well as the survival 

curve significance. The Gehan-Breslow-Wilcoxon test was chosen due to its ability to 

give more weight to earlier death timepoints, rather than all deaths across the 15-day 

experiments. Mosquito feeding proportions were tested using Fishers Exact test with 

Bonferroni-adjusted p-values. Chi-square test for goodness of fit were used to 

understand the differences between human-only blood-meals versus mixed and non-

human blood-meals from intervention and placebo villages. A one-phase decay model 

using only samples collected on or after Day 2 post last dose was used to determine the 

half-life of IVM concentrations since IVM follows a 1st order pharmacokinetics model 
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following the Cmax. A constant plateau of 0 was decided on as participants could not 

have lower than 0 venous IVM concentrations.  

Rstudio (R.4.3.2) was used to run a mixed effects Cox proportional hazards model 

against mosquito mortality using the following packages: survival, coxme, ggsurvfit, 

tidyverse. 

  



1  “Pixel intensity of wing photos used to predict age of Anopheles gambiae sensu lato captured during the RIMDAMAL II Clinical 
Trial.” Pugh G., Sougué E., Burton T.A., Yoe R., Gray L.I., Hephaestus B., Somé A., Asay B., Somé A.F., Dabiré R.K., Parikh S., Foy 
B.D., Preprint in bioRxiv, In Review at Sci. Reports  
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CHAPTER 3: USING PIXEL INTENSITY TO AGE WILD ANOPHELES GAMBIAE 

SENSU LATO POPULATIONS IN BURKINA FASO1 

 
 
 

3.1 Introduction 

An adult female mosquito’s age is a key factor in its ability to blood feed, lay eggs 

and transmit pathogens. Anthropophilic species like Anopheles gambiae typically obtain 

their first bloodmeal three to five days post-eclosion281. The extrinsic incubation period 

(EIP), defines the time it takes for a vector-borne pathogen ingested in a competent 

mosquito’s blood meal to infect or penetrate the mosquito’s tissues, undergo 

development (in the case of Plasmodium parasites or filarial worms) and disseminate to 

tissues from where it can be transmitted to the next vertebrate host (e.g. salivary glands 

or thoracic flight muscles). For Plasmodium falciparum in African Anopheles spp., the 

EIP is approximately between nine and 16 days depending on temperature and 

species282,283, while the typical lifespan of an Anopheles mosquito in the wild is roughly 

15-20 days283–285. Thus, very few mosquitoes in populations ever become infectious and 

large sample sizes are required to reliably estimate transmission intensity. However, 

much effort, time and costs can be expended to capture and test for infectious 

mosquitoes from these large collections. As such, the ability to rapidly and accurately 

age-grade mosquitoes captured from a population could allow for simple and less 

resource-intensive estimates of transmission risk and help better evaluate the efficacy 

of vector control interventions that often occur before periods of high pathogen 

transmission. 
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Original mosquito age-grading techniques were qualitative, such as classifying 

wing degradation, assessing the presence of mites on mosquitoes, or meconium in 

midguts224,286,287. Eventually evaluating parity by assessing ovary tracheole skeins on 

dissected ovaries became the gold standard age grading technique, which was further 

refined and quantified by counting ovariole dilatations from dissected ovaries225,226,288. 

However, these techniques can be imprecise, they only provide physiological age rather 

than calendar age, and it can be difficult and time-consuming to process many 

mosquitoes per field collection with the dissection techniques required. New age-

grading techniques have been investigated, including biochemical, gene and protein 

profiling, and spectroscopy methods233,235,238,239,242,245,289–296. While these methods are 

quickly reinvigorating mosquito age-grading processes, there remain challenges 

towards practical implementation in the field. These challenges include the need for 

expensive equipment which can be difficult to use in a field setting, or shipment of 

specimens for analysis by this equipment outside of the field site, as well as destructive 

testing of the samples. Furthermore, these techniques may require recalibration of age 

models at each field site and/or timepoint the samples are collected, and they can 

involve advanced technical and statistical expertise to run samples and analyze the 

data produced294,297. 

We previously developed a simple, low-cost, high-throughput, and nondestructive 

method of age-grading lab-reared Anopheles gambiae populations by calculating the 

pixel intensity (PI) of wing photos, which analyzes the white intensity of the pixels of a 

mosquito wing photo in grayscale243. This method can quantitatively assess wing scale 

loss over time due to flying because a mosquito’s wing scales are often darker than the 
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underlying membranous wing. In the study, we demonstrated this method’s ability to 

distinguish the age structure of two mosquito populations reared in different 

mesocosms, whereby one was regularly treated with blood meals that contained the 

mosquitocidal drug ivermectin, and the other control mesocosm was only provided 

regular blood meals. However, it was unclear if this method could be extended to field 

mosquitoes. Here, we have refined our techniques for PI analysis of wings, applied our 

lab-reared An. gambiae age-model to estimate ages of wild caught An. gambiae s.l. 

captured during a clinical trial conducted in Burkina Faso called RIMDAMAL II (which 

tested the effect of ivermectin mass drug administrations (MDA) on malaria 

incidence)170, and demonstrate how this technique can be used to infer the efficacy of 

vector control interventions that occurred during the trial. 

 

3.2 Results 

3.2.1 Total Pixel Intensity vs Mean Pixel Intensity 

Our previously published PI analyses calculated the total PI of each wing photo 

(left- and right-wing photos) per female mosquito and used these values to calculate the 

mean of the total PI per mosquito243. However, this analysis yielded highly variable 

results of the mean total PI from some mosquitoes caught and processed during the 

RIMDAMAL II trial, which we determined were due to differences in file sizes, photo 

resolution, and relative photo brightness. Independently analyzing the mean PI of each 

wing photo normalized the PI output regardless of file size and other parameters. A 

mean PI per mosquito was then calculated using the mean PI of each wing, which 

allowed for normalized comparisons across groups of mosquitoes processed during the 
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trial. Overall, the prior published analysis of total PI gave ranges from 2.4x108-6.6x108 

while our updated analysis of mean PI gave ranges from 127.85-133.08. 

 

3.2.2 PI Standard Deviation Among Mosquito Wings 

We then calculated the standard deviation (SD) of the mean PI between the two 

wings per mosquito to understand how the variance between wings may be associated 

with the mean PI and thus potentially influence a mosquito’s predicted age. Among the 

lab mosquitoes aged in a mesocosm, the mean SD was 0.13 (Range: 0.00-0.76) and 

among the wild mosquitoes, the mean SD was 0.08 (Range: 0.0004-3.34), however, 

comparisons of SD of both mosquito populations relative to mean PI or age suggested 

the SD of the PI between mosquitoes’ wings has only a modest effect on the overall 

estimated age distribution of the analyzed mosquito population (Figure 3.1). Overall, 

among wild mosquitoes where the SD between wings was less than 0.5, the mean PI 

was 128.51 (Range: 127.82-133.15) while those where the SD between wings was 

greater than 0.5 had a mean PI of 130.72 (Range: 128.44-133.07), suggesting that as a 

mosquito ages and loses more scales through more flying, there is a modestly higher 

likelihood of having one wing that has significantly fewer scales than the other. A similar 

trend is observed in the lab mosquitoes. Finally, analysis of each pair of wings suggests 

there is no favoritism between left and right wing. 51.69% (95% 49.42 – 53.96%) of left 

wings had a higher PI while 48.31% (95% CI: 46.04 – 50.58%) right wings had a higher 

PI (Figure 3.2).  
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Figure 3.1. The standard deviation of the mean pixel intensity values for each set of a mosquito’s wings is 
modestly correlated with increasing mean pixel intensity (PI) or mosquito age. Each dot represents data from a 
set of a mosquito’s wings. Top panels: laboratory-reared An. gambiae aged in a mesocosm (n=149 in both A and B). 
Bottom panels: An. gambiae s.l. captured during the RIMDAMAL II trial (C; n =1861), (D; n = 549). Regression line 
slopes in panels A, C, and D are significantly different from zero (panel A, P = 0.008, r2 = 0.045; panel C, P < 0.0001, r2 
= 0.1474; panel D, P < 0.0001, r2 = 0.054) 
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3.2.3 Individual and binned pixel intensity of mosquito populations to examine inferred 

age structure 

Next, we plotted the proportions of wild mosquitoes from the RIMDAMAL II trial 

from which we took wing pictures, both individually and in bins of 0.3 PI units, to 

observe the overall inferred age structure (Figure 3.3). The plots shows distributions 

that mimic wild mosquitoes age-graded by the gold standard Polovodova method 

(estimating age by counting ovarian dilitations) as well as newer techniques such as 

MIRS, suggesting a population distribution dominated by nulliparous and young 

Figure 3.2. Mosquito populations do not have a favored wing. The difference 
between the left and right pixel intensities were calculated. A positive difference 
resulted in a higher left-wing PI and a negative difference resulted in a higher right-
wing PI. A binomial test found there was no significance (p = 0.1506) between the 
two populations with the assumption that wing favorability would be evenly split 
within the population. 
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mosquitoes in the lowest PI ranges, and relatively few older females in the long top- or 

right-skewed tail of the individual or bin distributions, respectively (Figure 3.3)245,285.  

 

Overall, most mosquitoes captured during the trial had PIs of ≤ 128.73 (Range: 

127.81-133.43) with a top- or right-skewed distribution tail extending to a PI of 133.43. 

When the population was split based on mosquitoes captured in each arm of the trial, 

the top- or right-skewed tail of the distribution was more robust among the population 

from placebo clusters but not intervention (ivermectin-treated) clusters (Figure 3.4). 

Figure 3.3. Pixel intensities (PI) from wild Anopheles gambiae s.l. captured in 
the RIMDAMAL II trial reflects typical population age distributions from wild 
mosquitoes. A) The distribution of individual mosquito’s mean wing PIs. Each dot 
represents the mean PI from a set of a mosquito’s wings. B) Bins of mosquitoes’ 
mean wing PIs by 0.3 PI units/bin.  
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Figure 3.4. Pixel intensities (PI) from wild Anopheles gambiae s.l. captured in the RIMDAMAL II trial reflects 
typical population age distributions from wild mosquitoes. (A) The distribution of individual mosquito’s mean wing 
PIs. Each dot represents the mean PI from a set of a mosquito’s wings. (B) Bins of mosquitoes’ mean wing PIs 
captured in the placebo arm by 0.3 PI units/bin. (C) Bins of mosquitoes’ mean wing PIs captured in the intervention arm 
by 0.3 PI units/bin. 
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Furthermore, when separating the data into the trial years, the top- or right-

skewed tail of the distribution was evident among the population captured in 2019 but 

absent in 2020 (Figure 3.5). The PI bin distributions among the populations captured in 

2020 among clusters from both arms were grouped in only 3 of the lowest PI bins 

(Figure 3.5).
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Figure 3.5. Pixel intensities (PI) of wild Anopheles gambiae s.l. captured in the RIMDAMAL II trial, grouped by 
trial year. (A) The distribution of individual mosquitoes’ mean wing PIs grouped by the year they were captured during 
the rainy season intervention periods (late July to early November of 2019 and 2020). Each dot represents the mean PI 
from a set of a mosquito’s wings. (B) Bins of mosquitoes’ mean wing PIs, from mosquitoes captured during 2019. (C) 
Bins of mosquitoes’ mean wing PIs, from mosquitoes captured during 2020. 
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A generalized linear mixed model was generated using individual wing PIs from 

these mosquitoes, using a gamma distribution with a log link function and a random 

(grouping) mosquito identification term. This model revealed a small but significant 

reduction in PI of mosquitoes captured in 2020 compared to 2019 (Ratio (exponentiated 

model coefficient): 0.9955 [95% CI 0.9950 – 0.9961], p < 0.001). No significant 

difference was detected between control and treatment arms in either 2019 (p = 0.31) or 

2020 (p = 0.64). 

These PI distributions associate with the timings of the two mosquito control 

interventions that occurred during the trial, whereby ivermectin or placebo was 

distributed in the respective trial arms throughout both years of the trial, and distribution 

of new dual chemistry Interceptor® G2 (IG2®) nets (containing chlorfenapyr + alpha-

cypermethrin) occurred in clusters of both arms in early November 2019, towards the 

very end of the first rainy season approximately 2-4 weeks after the 4th MDA between 

sampling weeks 13 and 15 when mosquito capture numbers were very low (Figure 

3.6)170.
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Thus, most of the IG2® nets were not deployed by the populace until 2020 and 

were used by households from both arms throughout that year. This association can be 

observed when comparing the median PIs per mosquito population collected one and 

three weeks after each MDA performed in the trial (Figure 3.7).

Figure 3.6: Median pixel intensities (PIs) from wild Anopheles gambiae s.l. 
captured in the RIMDAMAL II trial by sampling period and relative to the timing 
of the mass drug administrations. Median PI of mosquitoes captured from the 
Placebo (blue: n = 1129) and Intervention (red: n = 799) arms. Whiskers depict 95% 
CIs. Mosquito sampling weeks over the 2-year intervention period (late July-early 
November in 2019 and 2020) are enumerated consecutively on the X-axis, and mass 
drug administrations (MDA) of either placebo or ivermectin tables are marked with 
vertical or dotted lines and occurred over a 3-day periods. The period of IG2® net 
distributions in 2019 to all villages in the health district is marked on the X-axis. 
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Figure 3.7: Comparisons of median pixel intensities (PIs) from wild Anopheles gambiae s.l. captured in the 
RIMDAMAL II trial by sampling period and relative to the timing of the mass drug administrations. Median PI of 
mosquitoes captured from each arm were compared by between the two populations sampled 1-week and 3-weeks 
following each mass drug administration (MDA). Data from mosquitoes captured in the Placebo (blue: n=1129) and 
Intervention (red: n=799) arms are showed in panel A & B and C & D, respectively. Whiskers depict 95% CIs. Mosquito 
sampling weeks over the 2-year intervention period (late July-early November in 2019 and 2020) are enumerated 
consecutively on the X-axis, and mass drug administrations (MDA) of either placebo or ivermectin tables are marked 
with vertical or dotted lines and occurred over a 3-day periods. Comparisons were ANOVAs and post hoc Kruskal-
Wallis tests; (*= P ≤ 0.05; **= P ≤ 0.01; ***= P ≤ 0.001; ****= P ≤ 0.0001).  
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In 2019, the median PI among An. gambiae s.l. caught in placebo clusters three 

weeks after each of the first two MDAs were significantly higher relative to the 

populations captured one week after those MDAs (Sampling period 1 vs 2, p ≤ 0.01; 

sampling period 3 vs 4, p ≤ 0.001), while the median PIs significantly decreased from 

populations caught in ivermectin-treated clusters over the same sampling time frames 

(Sampling period 1 vs 2, p ≤ 0.01), suggesting an ivermectin effect on mosquito 

population PI structure that manifests by the third week after the 1st and 2nd MDAs 

(Figure 3.7). This ivermectin effect on wing PI became inapparent after the 3rd MDA in 

2019 and through all MDAs in 2020 when the IG2® nets were used throughout the 2020 

season. Overall, the new nets seemed to have a dramatic effect on the median PI, 

lowering it below 128.5 among mosquito populations of both arms beginning with the 4 th 

MDA and lasting through the end of the trial. 

 

3.2.4 Adapting and applying an age model to wild An. gambiae s.l. 

To interpolate age for the wild mosquitoes, we sought to use the colonized 

mosquitoes aged in laboratory mesocosms to develop an age model and use it to 

predict the ages of the wild mosquito populations from RIMDAMAL II243. The range of 

mean PI scores from these lab mosquitoes of known age was notably constrained 

(range: 128.30 – 129.45) compared to the range obtained from wild mosquitoes (range: 

127.85 – 133.08), but the agreement in the magnitude of PI measured in two the 

different settings and between the lab and field populations was encouraging (Figure 

3.8). The lowest mean PI score from the newly eclosed colony-reared adults (128.35) 

was 0.5 PI units higher than the lowest mean PI score obtained from wild mosquitoes 
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(127.85), suggesting wings from the wild mosquitoes tended to have more and/or darker 

scales than those from the lab colony, or that wing pictures from the microscope camera 

in the field were more variable than those in the lab (perhaps due to different lighting 

conditions, etc.).  

A simple linear regression model was first applied to the lab mosquitoes, which 

had relatively poor fit to the data (r2 = 0.4011) and predicted the wild mosquitoes to be 

between -24.31 and 163.17 days old. We then performed stepwise comparisons of 

multiple non-linear models that may plausibly fit the data and reflect the biology of scale 

loss over time. The best fit model was a symmetrical sigmoidal curve with a variable 

slope (difference in AICc from the linear model = 90.33; r2 = 0.6577), from which the 

best-fit values were PIs between 128.4 (95% CI 128.3 - 128.5) and 129.0 (95%CI 129.0 

- 129.1) (Figure 3.8). With this model, PIs from 128.30-128.55 were predicted for 

mosquitoes between <1-4 days old, PIs from 128.56-128.96 were predicted for 

mosquitoes 5-9 days old, and PIs from 128.97-129.45 were predicted for mosquitoes 

≥10 days old (Figure 3.8). 
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However, given the variance of wild mosquito PI data compared to the model, 

predicted age could only be accurately interpolated from approximately 30% (578/1928) 

of the wild mosquitoes (Figure 3.9). Nonetheless, using this model, we binned the 

mosquitoes into the 3 interpolated pixel intensity groups and observed a slight but non-

significant difference in the structure of these binned mosquitoes in 2019, whereby 

those in from the placebo arm had fewer ‘middle aged’ mosquitoes with PIs between 

128.57-128.96 and more ‘old’ mosquitoes with PIs between >128.96 in the ivermectin 

Figure 3.8. Age model derived from colonized, marked Anopheles gambiae 
reared in laboratory mesocosms to known ages. Mean pixel intensities of 
colonized mosquitoes reared to known ages (n=169) were plotted by their true age 
and fitted by stepwise comparisons to a linear and multiple non-linear models. The 
best fit model (depicted) was a variable slope sigmoidal model. The best fit line of the 
final model is in black and red dotted lines represent 95% confidence bands. 
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arm. However, the difference in PI bin structures in 2020 compared to 2019 were 

noticeable, whereby all mosquitoes tested were predicted to be ‘young’ (PI < 128.57) in 

both arms (Figure 3.10). 

 

Figure 3.9. Interpolated ages of wild Anopheles gambiae s.l. captured in the 
RIMDAMAL II trial using the pixel intensity-based age model derived from 
colony mosquitoes. Dots are individual wild mosquitoes placed on the best-fit-line 
of age model; 30% (n=578) of the wild mosquitoes’ pixel intensity (PI) values fit within 
the model’s 95% CI brackets. PIs corresponding to the interpolated ages of 5 and 10 
were plotted (dotted lines) using the model. 
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3.3 Discussion 

 Here we demonstrate that this revised PI analysis of wing photos enables 

normalization of the data collected and that the PI distributions, either from individual 

mosquitoes or with binned data, are similar to mosquito age structures observed from 

Figure 3.10. Wild Anopheles gambiae s.l. captured in the RIMDAMAL II trial 
grouped in into three, pixel intensity (PI) bins corresponding to interpolated 
age classes. A) mosquitoes from the first year of the trial (2019) and caught in 
Placebo clusters. B) mosquitoes from the second year of the trial (2020) and caught 
in Placebo clusters. C) mosquitoes from the first year of the trial (2019) and caught in 
Intervention clusters. D) mosquitoes from the second year of the trial (2020) and 
caught in Intervention clusters. 
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using the gold standard Polovodova method consisting of ovarian dilation counting, 

which is sometimes combined with analysis of Christophers stages245,288,298–301. 

Furthermore, we show how this method can be used to observe changes in mosquito 

population structure in response to two different vector control methods that were 

performed during the RIMDAMAL II trial, specifically ivermectin mass drug 

administrations and use of IG2® nets.  

 The most prominent changes in PI distributions from An. gambiae s.l. captured at 

intervals during the RIMDAMAL II trial were observed in the differences between 

intervention seasons in 2019 and 2020. These changes were associated with the 

distribution of new IG2® nets at the end of the 2019 season, just prior to the last 

mosquito sampling period of that year when the rains had ended and the populations of 

An. gambiae s.l. were nearly gone from the study site. The efficacy of IG2® nets on wild 

An. gambiae has been thoroughly examined, and is known to strongly affect mosquito 

populations169,249–251. The entomological indices we previously reported from the trial 

suggested a similarly strong effect on malaria vectors from both arms of the trial and 

that occurred primarily in the in trial’s second season (2020)170,220. This effect included, 

a) significant mortality (~50%) of indoor-captured, blood fed mosquitoes held in survival 

bioassays from both arms, and b) significant reductions in the number of the An. 

gambiae s.l captured in 2020, which were approximately half of those captured in 2019, 

and a near absence of An. funestus captured at the study site in 2020 (n = 49) relative 

to 2019 (n = 1148) despite similar rainfall and climate at the site across these two years. 

Similarly, the PI analysis reported from mosquitoes captured in 2020 relative to 2019 

(Figure 3.9) supports the strong mosquito killing effect from these nets and 
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demonstrates how PI can be used to track the efficacy of a robust malaria vector control 

method like IG2® nets.  

The ability of this age-grading method to detect mosquito population changes 

from the effect of ivermectin mass drug administrations is more nuanced, but the 

ivermectin intervention itself was not successful in reducing malaria incidence in the 

trial, nor in reducing the classical entomological indices of density and entomological 

inoculation rate170. The primary entomological index that was affected in treatment 

clusters compared to placebo clusters was the wild blood fed An. gambiae s.l. survival 

rate, but only in 2019 and only from blood fed mosquitoes captured in the week 

following the MDAs. Regarding the PI of these mosquito populations, there were 

modest detectable differences between treatment and control arms at the beginning of 

the trial in 2019 observed from the mosquito sampling periods that occurred three 

weeks after MDAs 1-3 were administered. It is interesting that these PI trends mirror the 

trends of infectious An. gambiae s.l. bites per person per night in each arm shown over 

the trial, suggesting that lower median PIs may correlate with fewer infectious 

mosquitoes in the population170. The observation that the strongest effect of ivermectin 

MDA on mosquito PI seems to be observed 3 weeks after the MDAs occurred, when the 

direct mosquitocidal effects are inapparent and the drug is at very low pharmacokinetic 

levels or undetectable in most of the blood samples tested from the populace, suggests 

a delayed action of the drug’s effect on mosquito population structure and 

infectiousness170,215. Perhaps this delayed effect is due to increased probability of killing 

the fewer, older mosquitoes that were actively blood feeding immediately after the MDA 
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was administered, and leaving unharmed most of the younger, newly emerged 

mosquitoes with lower PIs and that have yet to blood feed. 

The age model developed using PIs obtained for mesocosm-aged laboratory 

colony of An. gambiae was somewhat limited due to potential differences in the 

mosquitoes’ wings, as well as the laboratory vs. field conditions experienced by the 

mosquitoes and possibly also the wing imaging performed. Overall, the lab mosquitoes 

had a very narrow PI range that limited our ability to interpolate age from wild 

mosquitoes with PIs residing outside the range of our model. Nonetheless, the best fit 

symmetrical sigmoidal model that fit the PI data from these laboratory mosquitoes and 

was used predict the age of the wild mosquitoes from the trial suggests little differences 

in the PIs among very young (1-4 days old) and very old (≥10 day old) mosquitoes, 

respectively, but a rapid shift from between these young to old classes in between the 

ages of 4 to 10 days, presumably due to extensive flying and loss of wing scales during 

this timeframe. Importantly, wild-type Anopheles gambiae do not become infectious until 

they complete the minimum EIP, which typically correlates with them reaching the 2- or 

3-parous state, or approximately 8-11 days old, thus our model’s ability to predict 

proportions of ‘old’ mosquitoes with cut-off PIs ≥129.7 may be a simple method to 

classify potentially infectious An. gambiae in a population284,285,299. Nonetheless, it 

remains to be seen if this model will similarly fit PI data from wild type mosquitoes 

reared in large outdoors mesocosms in Africa. 

 While our newer analytical method allowed for better normalization of wing 

photos, further work could be done to refine the use of wing pictures to age mosquitoes. 

Technologies which auto-crop images to only include the wing, or which focus PI or 
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machine vision analyses on specific wing areas that are more sensitive to scale loss 

from flying (such as the wing fringe), could lead to a more refined analysis of mosquito 

age structures. Additionally, further standardization of photo backgrounds and 

microscope light intensities would likely add more control to the method and allow for 

easier comparisons across space and time. We believe that these refinements would 

abrogate the need for regionally calibrated age models at each place and time such 

analyses were to occur. Finally, due to sample preservation and costs, we were not able 

to speciate most of the mosquitoes from the entire Anopheles gambiae sensu lato 

complex from RIMDAMAL II. As such, there may be differences in An. gambiae sensu 

strictu, An. coluzzi and An. arabiensis PIs170,220. Therefore, further investigations into the 

An. gambiae species complex are needed to determine if specific species have differing 

PI ranges. 

 Overall, we have demonstrated how using PI on wing images can be used to 

easily age grade Anopheles gambiae mosquito populations. This method should easily 

be expanded to allow investigators and vector control experts across the world, who are 

implementing and evaluating control of malaria, helminth and arbovirus vectors, to 

expediently determine mosquito population ages from their surveillance efforts. Such 

efforts may be highly valuable for evaluation of their control applications and estimations 

of the risk of mosquito-borne disease spread within their communities. 

 

3.4 Methods and materials 

3.4.1 Mosquito rearing 
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Anopheles gambiae G3 were reared at 27-30°C with 60-80% relative humidity. A 

standard photoperiod of 16 hours light:8 hours dark was utilized. Larvae were raised in 

open-top plastic bins and fed a diet of TetraMin fish food (Spectum Brands Pet, LLC). 

Pupae were transferred into closed-top plastic bins. 24 hours after emergence, adults 

were aspirated and placed into a closed-top plastic adult bin. Adults were grouped 

based on their respective date of emergence to ensure adults were the same age. If 

adult collection was limited, groups were mixed but never exceeded more than two days 

in age difference.   

 

3.4.2 Mesocosm experiment 

These experiments were well described in Gray et al, 2022. In brief, 200 An. 

gambiae G3 mosquitoes were marked using florescent pigment powder (Shannon 

Luminous Materials, Inc.) placed into a large (122 cm long x 61 cm wide x 96.5 cm high) 

plastic bin in which a fake plant was placed in the middle to force the mosquitoes 

navigate around as they sought water and bloodmeals that were placed on opposite 

sides of the bin. Plastic dishes with holes cut into them covered the oviposition papers 

and sugar cubes. These obstacles were used to replicate a ‘wild’ environment for the 

lab-reared mosquitoes to force flying behaviors. Twice a week, 15 mosquitoes were 

removed from the mesocosm, and their wings were detached for analysis.  

 

3.4.3 RIMDAMAL II mosquito collection and photo acquisition 

During the RIMDAMAL II clinical trial, entomological sampling was conducted to 

compare entomological indices, such as bioassay survival, entomological inoculation 
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rate, and age structure, between the control and treatment arms of the trial. Mosquitoes 

were collected from 6 (3 treatment; 3 placebo) clusters (villages or village sectors), 1 

and 3 weeks after each mass drug administration using a Prokopack aspirator inside 

predetermined households302. Mosquitoes were then transported to the field station, 

speciated, and Anopheles mosquitoes were retained. A portion of An. gambiae s.l. 

mosquitoes were subjected to wing removal. Removed wings were placed on a glass 

slide and photographed using a Leica EZ4 stereoscope (Leica Microsystems, USA). 

Photos were then electronically transmitted to Colorado State University for pixel 

intensity (PI) analyses.
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Table 3.1: Proportions and totals number of wild Anopheles gambiae s.l. captured from each RIMDAMAL II cluster and arm, and during each 
year, corresponding to their pixel intensities and associated with their interpolated age class in days.  

Cluster 2019 Cluster 2020 

Placebo 
≤128.56 
(1-4 days old) 

128.57-128.96 
(5-9 days old) 

≥128.97 
(≥10 days old) Placebo 

≤128.56 
(1-4 days old) 

128.57-128.96 
(5-9 days old) 

≥128.97 
(≥10 days old) 

DB (n=194) 0.572 (n=111) 0.258 (n=50) 0.170 (n=33) DB (n=223) 1.000 (n=223) 0.000 (n=0) 0.000 (n=0) 

DL (n=211) 0.569 (n=120) 0.213 (n=45) 0.218 (n=46) DL (n=174) 1.000 (n=174) 0.000 (n=0) 0.000 (n=0) 

TG (n=194) 0.464 (n=90) 0.082 (n=16) 0.454 (n=88) TG (n=133) 1.000 (n=133) 0.000 (n=0) 0.000 (n=0) 

 

Intervention 
≤128.56 
(1-4 days old) 

128.57-128.96 
(5-9 days old) 

≥128.97 
(≥10 days old) Intervention 

≤128.56 
(1-4 days old) 

128.57-128.96 
(5-9 days old) 

≥128.97 
(≥10 days old) 

KP(n=176) 0.472 (n=83) 0.153 (n=27) 0.375 (n=66) KP (n=119) 1.000 (n=119) 0.000(n=0) 0.000 (n=0) 

KS (n=114) 0.412 (n=47) 0.421 (n=48) 0.167 (n=19) KS (n=117) 1.000 (n=117) 0.000(n=0) 0.000 (n=0) 

(n=140) 0.436 (n=61) 0.457 (n=64) 0.107 (n=15) SG (n=125) 1.000 (n=125) 0.000(n=0) 0.000 (n=0) 
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3.4.4 Digital wing photo analysis 

Each mosquito had photos taken of both wings using the same Leica EZ4 

stereoscope and PI was calculated for each wing using the wing photos processed by 

the BigPicture program developed by Viden Technologies, LLC. Subsequently, the 

mean of the left- and right-wing PIs were calculated to establish a PI per individual 

mosquito (a single PI from the mean of both wings). If a mosquito had only one wing 

image, or if one wing was folder or torn during the slide mounting process, the individual 

mosquito was given a PI that came from only one of its wings. 

 

3.4.5 Statistical and mathematical methods 

Raw PI values from the trial were modeled using a log-linked gamma generalized 

linear model. Left- and right-wing PI values were input into the model individually, with a 

mosquito-level random effect term as a grouping variable. Fixed effects of treatment 

arm, year, and their interaction term were included. To delineate population PI range 

differences, mosquitoes were placed into bins with a difference of 0.3 PI. Furthermore, 

mosquitoes were separated based on the arm location they were captured in to 

determine differences in PI bins. To establish an age-to-pixel intensity model, mean PIs 

from mesocosm-reared colonized mosquitoes were first analyzed with a linear model 

using GraphPad Prism (v10.1.1), and then in a stepwise approach all non-linear models 

in the program were compared to the linear model using Akaike’s Information Criterion. 

The best fit model emerging from this process was the Sigmoidal Variable Slope model. 

The predicted ages of the wild mosquitoes captured in the RIMDAMAL II trial were then 

interpolated using this best-fit model.  
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CHAPTER 4: DEVELOPMENT OF PIXEL INTENSITY MODELS TO AGE WILD CULEX 

TARSALIS FROM THE MOUNTAIN WEST 

 
 
 

4.1 Introduction 

Since the introduction of West Nile Virus (WNV) into the United States in 1999, it 

has spread across North America, becoming endemic on the front range of the Rockies 

in 2002 and then in most of California in 200316,22,303,304. While WNV is transmitted in an 

endemic cycle between birds and mosquitoes, infected mosquitoes can transmit the 

virus to humans and other vertebrates in an epidemic cycle23. Viremias in humans do 

not reach titers that are able to efficiently infect naïve mosquitoes, however, infected 

people can display a range of symptoms from benign to severe23. 80% of those who are 

infected will be asymptomatic, while 20% will exhibit febrile illness305. Only 1/150 people 

who are infected will develop West Nile Neuroinvasive Disease (WNND), which requires 

hospitalization305. Evidence suggests risk factors such as age and comorbidities 

including congestive heart failure, chronic obstructive pulmonary disease, diabetes, 

hypertension can contribute to progression towards WNND305. 

Competent vectors of WNV in the United States include Culex tarsalis, Cx. 

pipiens, Cx. quinquefasciatus, and Coquillettidia perturbans, which have a wide 

distribution across the United States20,21,306. However, Cx. tarsalis is considered the 

main epidemic vector in the western US, and a primary target of mosquito control 

districts as it accounts for 76% of the WNV positive pools in the west, while Cx. pipiens, 

the primary endemic vector in the west, has the second highest pool positivity rate at 
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14%21. In 2024, the CDC reported that the highest number of (>25) human cases in the 

western US came from North Dakota (38 cases, 4.77 cases per 100,000), Nebraska 

(92, 4.59 cases per 100,000), Colorado (76, 1.28 cases per 100,000), Nevada (27, 0.83 

cases per 100,000), and California (123, 0.31 cases per 100,000)307. It has been 

suggested that due to the climate of the Great Plains, small pools of water accumulate, 

condensing both vector and bird populations, creating microcosms of high virus 

amplification and transmission among these populations21. Furthermore, Bolling et al. 

described how high elevation and low degree days limit the presence of Cx tarsalis and 

Cx. pipiens, and thus WNV transmission, to the relatively warmer valleys of the 

mountain west where people and agriculture are concentrated around the riparian 

corridors of Colorado, Utah, Idaho and California21,308. Additionally, it was found through 

Cx. tarsalis bloodmeal analyses that these mosquitoes shift their feeding behavior 

towards mammals later in the season, increasing the propensity of human WNV 

infections occurring in July through September and indicating a flexibility in host 

preference, making Cx. tarsalis specialists at disseminating WNV in both mammals and 

birds44,309. Moreover, Cx. tarsalis in these agricultural areas are often insecticide 

resistant, likely due to its breeding in niches within and surrounding agricultural sites, 

which are heavily treated with herbicides and insecticides108,109,112,310. The species is 

also known to fly long distances when compared to other mosquitoes, actively flying up 

to 12.6 km in search of a bloodmeal, however it was found that the vast majority (84%) 

stay within a 0.5 km range49,50. All these traits contribute to Cx. tarsalis's efficient 

transmission of WNV in the western US and importance for control efforts. 
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When comparing the control of Cx. tarsalis to Anopheles gambiae control, it is 

important to be cognizant of several key traits that differentiate these species as vectors 

of pathogens. The extrinsic incubation period (EIP) is the time it takes a pathogen to 

develop in, and be transmitted by, a competent vector. The EIP allows researchers and 

mosquito control experts to understand when a mosquito population poses the greatest 

risk to humans and animals. If the majority of a mosquito population’s age is less than 

the EIP, the relative risk of pathogen transmission is lower than if the majority of the 

population’s age is greater than the EIP311.The EIP for Plasmodium species to develop 

in An. gambiae is between 9-16 days, depending on temperature and species, as the 

parasite needs to undergo sporogony, a specific development within the mosquito that 

includes fertilization, midgut invasion and multiplying into numerous sporozoites that 

ultimately disseminate into the salivary glands, making the mosquito infectious282,312–314. 

For this reason, in chapter 3, we focused on wild mosquitoes which had a PI value in 

our An. gambiae age model that corresponded to ≥ 10 days old. However, the EIP of 

WNV in Cx. tarsalis is approximately 8-18 days old depending on temperature, but with 

a small proportion mosquitoes that may become infectious as early 4 days after taking 

an infected bloodmeal13–15.The latter phenomenon occurs when virus disseminates out 

of the midgut and into the salivary glands in the thorax quickly due to ‘leaky midguts’, 

and viruses do not need to undergo a time-dependent process of sexual development 

within the midgut for the mosquito to become infectious13–15. WNV can also be vertically 

transmitted in some mosquitoes, infecting a subset of eggs from an infected female, and 

resulting in a limited number of infected progeny able to transmit WNV without taking an 

initial infected blood meal315,316. Additionally, Cx. tarsalis must diapause, or overwinter, 
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as adults, potentially allowing for this vertical transmission cycle to occur when an 

infected female emerges from diapause in the Spring and lays a new batch of egg 

rafts317. In addition to the wider range of the EIP of WNV in Cx. tarsalis, this species is 

known to be relatively long-lived (Mean adult age: 27.07±1.80 days), allowing females 

more opportunities to transmit virus318,319. Finally, Cx. tarsalis can be autogenous, 

meaning they can lay a batch of eggs without the need for a bloodmeal49,51. This 

capability largely relies on the food sources the mosquito has available to them while in 

the larvae stage. Considering all of these traits, age-grading of Cx. tarsalis populations 

is necessary to understand their population biology across seasons to help discern the 

relative risk of populations for WNV transmission to humans. However, the current ‘gold-

standard’ age grading techniques, which focus primarily on parity measures, may not be 

as sensitive when estimating Cx. tarsalis calendar age49,51. To rectify this, we 

hypothesized that the new tools we have developed to age-grade wild An. gambiae 

mosquitoes may also find use for age grading Cx. tarsalis populations in the western US 

while also allowing us to compare the population biology of these very different vectors 

of mosquito borne pathogens320. 

We have been developing and testing ivermectin-treated bird feed as a novel 

method to control WNV transmission221,223. As part of this effort, we performed limited 

pre-trial sampling in Northern Colorado in the summer of 2023 and then in the summer 

of 2024 we initiated a randomized control trial with our finalized formulation, whereby we 

placed IVM-coated birdseed on homeowners’ properties in northern Colorado. Small 

passerine birds had access to feed on the treated birdseed, which caused them to have 

mosquitocidal concentrations of IVM in their blood depending on their feeding 
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frequency. The primary outcome of this two-season, 20 cluster trial (2024 – 2025) is the 

summarized vector index (VI) in each trial arm, which is the product of mosquito 

abundance per trap per night and the maximum likelihood estimate of WNV infection 

rate as measured from pooled mosquitoes tested using quantitative RT-PCR. One key 

secondary outcome is the estimated Cx. tarsalis population structure in each trial arm 

as measured using wing pixel intensity (PI), with the hypothesis that mosquitoes from 

sites in the treatment arm would have significantly higher PI values, corresponding to 

lower predicted ages, which are younger than the EIP compared to mosquitoes from 

control arm sites. This hypothesized effect is similar to the age structure-related 

secondary hypothesis for An. gambiae sensu lato captured from the RIMDAMAL II 

clinical trial discussed in chapter 3320.  

A second mosquito control trial supported by our lab was also undertaken in the 

summer of 2025, managed by mosquito abatement districts in Salt Lake City, UT (Salt 

Lake City Mosquito Abatement District; SLCMAD) and Davis, UT (Mosquito Abatement 

District, Davis; MADD) and integrated with our Rockies and High Plains Vector-borne 

Diseases Training and Evaluation Center (RaHP VEC) to evaluate the efficacy of ultra-

low volume (ULV) aerial-treatments of naled for Cx. tarsalis control around the wetlands 

of the Great Salt Lake (GSL). Naled is an organophosphate insecticide mainly used for 

the control of mosquitoes with some applications in agriculture. It kills mosquitoes by 

interfering with their central nervous system, inhibiting the enzyme cholinesterase and 

causing muscles to aberrantly contract, killing the mosquito.  

Given our observations of a modest decrease in wild An. gambiae PI following 

the administration of ivermectin MDA and then a much larger decrease following the 
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distribution IG2® bed nets during the intervention period of the RIMDAMAL II trial in 

Burkina Faso, we wanted to determine if the same effect could be observed in Cx. 

tarsalis populations from northern Colorado during our trial testing IVM treated bird seed 

and from populations around the GSL during our testing of naled efficacy in partnership 

with SLCMAD and MADD320. Additionally, we explored the development of an age 

model for Cx. tarsalis using PI to interpolate wild Cx. tarsalis population age dynamics in 

these locations. 

 

4.2 Results 

4.2.1 Initial testing of Culex tarsalis wing pixel intensity range using wild caught 

mosquitoes   

Cx. tarsalis mosquitoes were collected during the summer of 2023 during 

epidemiological weeks 34 and 35 in northern Colorado from volunteers’ properties using 

resting traps and processed to determine their wing pixel intensity. Individual pixel 

intensity values were plotted in addition to PI bins using a delta of 0.0652947 PI units to 

establish 19 different bins. Compared to the wild Anopheles gambiae sensu lato from 

the RIMDAMAL II clinical trial discussed in chapter 3, wild Cx. tarsalis exhibited a 

constricted PI range of 128.36-128.95, but with a similar mean PI of 128.63 (95% CI: 

128.62 - 128.66) (Figure 4.1). The PI data from the 2023 collection were normally 

distributed (Shapiro Wilk test; p = 0.8016) around the mean, with few mosquitoes in 

both the low and high ends of the range, in contrast to the top- or right-skewed tail of PI 

data from wild An. gambiae (Figure 3.3)
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Figure 4.1: Pixel intensity of mosquitoes captured in 2023. (A) Individual plot point data with a mean PI of 128.64, 
95% CI: 128.62-128.66, range 128.36 – 128.95. (B) Binned proportions of Cx. tarsalis. 
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4.2.2 Obtaining pixel intensity from Culex tarsalis wings during the 2024 field trial of 

ivermectin treated birdseed 

During the 2024 field trial testing IVM treated birdseed, wild Cx. tarsalis 

mosquitoes were captured using CDC minitraps baited with dry ice from epidemiological 

weeks 27-35 across 20 sites within cities and towns in northern Colorado. Specifically, 

10 broad geographical areas within cities or towns were selected and 2 paired 

households (sites) within each area were selected for sampling and randomly chosen to 

be treatment or control sites, and wing images of a proportion of the Cx. tarsalis 

sampled each week were analyzed using PI.  First, an analysis of the PI difference 

between each set of mosquito’s wings was performed, whereby a positive difference is 

associated with higher PI/more scale loss on the left-wing and a negative difference is 

associated with higher PI/more scale loss on the right-wing. The PI differences in the 

mosquito population’s left and right wings were significant (52.49% (2005/3820) had a 

positive difference; Binomial test; p = 0.0022) (Figure 4.2).  
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All individual Cx. tarsalis (n = 3990) PIs were then plotted and analyzed as a 

group from all sites and regardless of capture date or trial arm (Figure 4.3), and this 

grouping was also plotted as bins to better understand the population’s PI distributions 

(Figure 4.3). The population PI ranges were greater than the wild mosquitoes caught in 

2023, with a range of 128.34-129.58 and a median PI of 128.97 (95% CI: 128.96-

128.97) (Figure 4.3), but the data were not normally distributed (Shapiro-Wilk test; p < 

0.0001)

Figure 4.2: Northern Colorado Culex tarsalis wing differences. The difference 
between the left and right pixel intensities were calculated. A positive difference 
resulted in a higher left-wing PI and a negative difference resulted in a higher right-
wing PI. A binomial test found there was significance (P = 0.0022) between the two 
populations with the assumption that wing favorability would be evenly split within 
the population. 
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Figure 4.3: Pixel intensity of mosquitoes captured in 2024. (A) Individual plot point data with a median PI of 128.97, 
95% CI: 128.96-128.97, range 128.34 – 129.58. (B) Binned proportions of Cx. tarsalis. 
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We then compared the mosquito PI data by trial arm to elucidate if IVM was 

having an observable effect on PI data (Figure 4.4).  

 

Figure 4.4: Comparisons of the treatment and the control sites median pixel 
intensities. The treatment sites had a median PI of 128.98 (95% CI: 128.97 – 
128.99, range 128.34 – 129.58) while the control sites have a median of 128.97 
(95% CI: 128.96 – 128.98, range: 128.38 – 129.57). A Mann-Whitney test indicated 
no significant difference (p = 0.5571) between the two arms. 
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Since neither the treatment (p < 0.0001) nor the control (p < 0.0001) arms indicated 

normality using a Shapiro-Wilks test, a Mann-Whitney test was used to determine if the 

arms’ PI medians were similar. It was found that the two populations had statistically 

indistinguishable median PIs (Hodges-Lehmann median difference = -0.004; 95% CI 

difference -0.02 – 0.01; p = 0.5571) (Figures 4.4 & 4.5).
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Figure 4.5: Binned pixel intensity proportions of mosquitoes captured in 2024 by arm. (A) Mosquitoes captured 
in the control arm. (B) Mosquitoes captured in the treatment arm. 
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We then analyzed the individual sites to determine if the arms within the site were 

different from one another (Table 4.1). In only one site was the data normally distributed 

within both arms (NG; Shapiro-Wilk test; Control p = 0.2777; Treatment p = 0.2040), and 

in the rest of the sites either one or both arms had non-normal data distributions. 

 

 

 

 

 

 

Next we analyzed the data by arm with respect to collection site and capture week 

(Figures 4.6 & 4.7, respectively).  

 

Table 4.1: Comparisons between arms at each test site 

Site 
 

P-value 

NG 
 

<0.0001^ 

ET 
 

<0.0001` 

FN 
 

0.0012` 

TM 
 

0.3968` 

FS 
 

0.6548` 

SV 
 

0.0158` 

SW 
 

0.1868` 

SG 
 

0.0012` 

AP 
 

0.5159` 

NW 
 

0.2515` 

^ = unpaired test; ` = Mann-Whitney test 
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Figure 4.6: Culex tarsalis pixel intensity by collection site and arm. 
Comparisons of PI by arm and site only exhibit significant differences in locations NG 
(p < 0.0001), ET (p < 0.0001), FN (p = 0.0012), SV (p = 0.0158), and SG (p = 

0.0012). NG was tested using an unpaired t-test, all others were tested with a Mann-

Whitney test. 

Figure 4.7: Culex tarsalis pixel intensity by epidemiological and arm. 
Comparisons of PI by arm during epidemiological weeks indicated significant 
differences during week 35 (p = 0.0172) using a Mann-Whitney test. 
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From the individual plot point data grouped by arm and site, the PI of Cx. tarsalis 

populations captured in the NG treatment site was significantly higher (Kruskal-Wallis 

test; p < 0.0001), when compared to all other treatment sites, however, all other 

treatment sites were similar to one another (Figure 4.6 & Table 4.2). Additionally, when 

comparing the control sites, it was found that most sites were similar except for FN 

versus TM (p = 0.0386), TM versus SV (p = 0.0224), SV versus SW (p = 0.0404), and 

SV versus SG (p = 0.00241).  

Table 4.2: Treatment site multiple comparisons  

Site Comparison P-value 

NG (n = 285) ET (n = 30) 0.0004 

NG (n = 285) FN (n = 215) 0.006 

NG (n = 285) TM (n = 218) 0.001 

NG (n = 285) FS (n = 287) <0.0001 

NG (n = 285) SV (n = 103) 0.0003 

NG (n = 285) SW (n = 125) 0.0004 

NG (n = 285) SG (n = 255) <0.0001 

NG (n = 285) AP (n = 280) <0.0001 

NG (n = 285) NW (n = 234) <0.0001 

Post hoc Dunn's multiple comparisons  

 

Finally, we examined if the PI changes within the arms differed across epidemiological 

weeks when the study occurred (Figure 4.7 & Table 4.3). It was found that differences 

between arms only occurred during epidemiological week 35 (Mann-Whitney test; p = 

0.0172). 
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Table 4.3: Epidemiological week comparisons between arms  

EpiWeek 
 

P-value 

27 
 

0.0574` 

28 
 

0.7038` 

29 
 

0.7567` 

30 
 

0.2391` 

31 
 

0.1007^ 

32 
 

0.3460` 

33 
 

0.8103` 

34 
 

0.3438^ 

35 
 

0.0172` 

^ = unpaired test; ` = Mann-Whitney test 

 

4.2.4 Using pixel intensity to evaluate the efficacy of ULV aerial-treatment with naled 

around the Great Salt Lake, Utah 

The 2024 trial of naled efficacy around the GSL consisted of seven individual 

spray events conducted between weeks 24-33, of which four were conducted over the 

southern GSL wetlands by SLCMAD on June 10, July 8, July 29, and August 12, and 

three were conducted over the eastern GSL wetlands by MADD on June 25, July 16 

and August 6. Mosquito sampling in each region was performed in two adjacent spray 

blocks that were rotated between treatment and control status each date, and each 

sampled 1-day pre-treatment, and 1-day post-treatment. SLCMAD is in the process of 

drafting an analysis of all primary and secondary outcomes of the trial; here we are only 

presenting the age grading data from one secondary outcome. When collapsing data 

from all 7 spray events into control and treatment blocks sampled pre- and post-

treatment, it was found that mosquitoes collected in the treatment blocks post-naled 

spraying had a significant (Mann-Whitney test; p = 0.0083) decrease in PI when 

compared to mosquitoes collected in the same blocks prior to the naled applications 
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(Figure 4.8, panel B), while the mosquitoes captured in control blocks on the same pre- 

and post-spray days had no change in their PIs (Mann-Whitney test; p = 0.1211) (Figure 

4.8, panel A). Alternatively, comparisons of the mosquito PIs from the pre-treatment day 

collections across the Control vs. Treatment blocks (Figure 4.9, panel A, Mann-Whitney 

test; p = 0.2590), and from the post-treatment day collections across the Control vs. 

Treatment blocks (Figure 4.9, panel B, Mann-Whitney test; p = 0.9050) showed no 

significant differences. 

 

 

Figure 4.8: Comparisons of site before and after the application of naled. (A) PI 
of mosquitoes which were captured in the designated control sites before and after 
naled was applied to the treatment sites. (B) PI of mosquitoes which were captured 
in the designated treatment sites before and after naled was applied to the treatment 
sites. Mann-Whitney test indicated a significant difference (p = 0.0083) in PI in the 
treatment sites, but not in the control sites (p = 0.1211) 
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To determine if different trial effects occurred among the 7 different spray events 

that occurred on different days, or occurred between the two GSL locations in which the 

spray events were conducted by either SLCMAD (southern GSL) or MADD (eastern 

GSL), we analyzed the mosquito PI data from each spray event separately to 

understand the differences between the pre-and post-application of naled within each 

trial (Figures 4.10, 4.11 & Table 4.4).

Figure 4.9: Comparisons of arms before and after the application of naled. (A) 
PI of mosquitoes which were captured before naled was applied to the treatment 
sites. (B) PI of mosquitoes which were captured after naled was applied to the 
treatment sites. Mann-Whitney test indicated no significant difference between arms 
before (p = 0.2590) or after (p = 0.9050) naled was applied to the treatment sites. 
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Figure 4.10: Control median pixel intensity before and after naled was applied to the treatment site by spray 
event. A significant difference was only found during spray events 1 (p = 0.0032), 2 (p = 0.0006), and 5 (p = 0.0002) 

using a Mann-Whitney test. 
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Figure 4.11: Treatment median pixel intensity before and after naled was applied by spray event. A significant 
difference was only found during spray events 1 (Mann-Whitney; p = 0.0042), 2 (Unpaired t-test; p < 0.0001), and 4 

(Mann-Whitney; p = 0.0458). 
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When examining spray events 1, 3, 5, and 7 (conducted by SLCMAD), the only 

significant differences found between the control sites were during spray event 1 (Mann-

Whitney test; p = 0.0032) and 5 (Mann-Whitney test; p = 0.0002) (Table 4.4). While the 

only significant difference in the treatment sites occurred in spray event 1 (Mann-

Whitney test; p = 0.0042) (Table 4.4). When analyzing data from the MADD site, a 

significant difference in PI was only found during spray event 2 in both the control arm 

(Mann-Whitney test; p = 0.0006) and the treatment arm (Unpaired t-test; p < 0.0001) 

(Table 4.4). 

Table 4.4: GSL trial comparisons between arms 

Control 

Spray 
Event 

Dates Location P-value 

1 6/10-6/13 6/10SLCMAD 0.0032** 

2 6/25-6/28 MADD 0.0006** 

3 7/8-7/11 SLCMAD 0.9297** 

4 7/16-7/19 MADD 0.2590* 

5 7/29-8/1 SLCMAD 0.0002** 

6 8/6-8/9 MADD 0.5514** 

7 8/12-8/15 SLCMAD 0.3559** 

 
   

Treatment 

Spray 
Event 

Dates Location P-value 

1 6/10-6/13 SLCMAD 0.0042** 

2 6/25-6/28 MADD <0.0001* 

3 7/8-7/11 SLCMAD 0.6320* 

4 7/16-7/19 MADD 0.0458** 

5 7/29-8/1 SLCMAD 0.6721** 

6 8/6-8/9 MADD 0.2182** 

7 8/12-8/15 SLCMAD 0.6070** 

* = unpaired test; ** = Mann-Whitney test 
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4.2.5 Comparing parity rates and pixel intensity to mosquitoes in Salt Lake City, Utah 

 In the naled efficacy trial conducted in Utah, a portion of the mosquitoes that 

were assessed for mosquito wing PI were also tested for parity by dissecting their 

ovaries and examining the ovarial tracheoles skein coiling, which allowed us to compare 

these two different age grading methods in the context of naled efficacy on the mosquito 

population. The same groups of mosquitoes were analyzed for increases or decreases 

in median wing PI and parity over each spray event, from collections occurring pre-

spraying and post-spraying, both in the control (Table 4.5) and treatment (Table 4.6) 

arms. In the control arm (Table 4.5), the direction of changes in mosquito PI and parity 

were congruent over three spray events (events 1, 2, 5), and in the other spray events, 

only parity rates changed (events 3, 4, 6 = increased; event 7 = decreased) while 

mosquito PI remained unchanged. However, in the treatment arm (Table 4.6), mosquito 

PI and parity decreased over every spray event except for event 4, and the direction of 

change was congruent between the mosquito PI and parity methods across all seven 

spray events.
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Table 4.5: Comparisons of median pixel intensity and parity data from mosquitoes captured in the control arm during naled 
evaluation trials conducted near the Great Lake Salt, UT 

   
 

Median Pixel Intensity (95% CI) Parity Rate 

Spray 
event Date Location Pre Post Pre Post 

1 6/10-6/13 SLCMAD 128.59 (128.56-128.62) (n = 120) 128.68 (128.63-128.74) (n = 119) 0.65 (n = 33) 0.73 (n = 33) 

2 6/25-6/28 MADD 128.54 (128.48-128.57) (n = 120) 128.50 (128.48-128.51) (n = 100) 0.65 (n = 22) 0.61 (n = 28) 

3 7/8-7/11 SLCMAD 128.51 (128.48-128.54) (n = 119) 128.51 (128.48-128.51) (n = 100) 0.60 (n = 23) 0.62 (n = 24) 

4 7/16-7/19 MADD 128.51 (128.48-128.53) (n = 100) 128.51 (128.49-128.53) (n = 120) 0.60 (n = 24) 0.61 (n = 22) 

5 7/29-8/1 SLCMAD 128.58 (128.55-128.61) (n = 120) 128.52 (128.50-128.54) (n = 120) 0.73 (n = 30) 0.66 (n = 25) 

6 8/6-8/9 MADD 128.48 (128.47-128.49) (n = 120) 128.48 (128.47-128.51) (n = 120) 0.31 (n = 11) 0.32 (n = 11) 

7 8/12-8/15 SLCMAD 128.56 (128.54-128.61) (n = 87) 128.56 (128.53-128.62) (n = 81) 0.36 (n = 10) 0.35 (n = 8) 

Nulliparous = 0; parous = 1; green indicates an increase from the pre-population; orange indicates a decrease from the pre-
population 
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Table 4.5: Comparisons of median pixel intensity and parity data from mosquitoes captured in the treatment arm during naled 
evaluation trials conducted near the Great Lake Salt, UT 

   
 

Median Pixel Intensity (95% CI) Parity Rate 

Spray 
event Date Location Pre Post Pre Post 

1 6/10-6/13 SLCMAD 128.70 (128.63-128.79) (n = 121) 128.58 (128.55-128.65) (n = 100) 0.77 (n = 33) 0.58 (n = 31) 

2 6/25-6/28 MADD 128.53 (128.53-128.57) (n = 120) 128.45 (128.43-128.48) (n = 120) 0.74 (n = 25) 0.54 (n = 21) 

3 7/8-7/11 SLCMAD 128.57 (128.53-128.60) (n = 80) 128.54 (128.51-128.57) (n = 100) 0.73 (n = 19) 0.67 (n = 22) 

4 7/16-7/19 MADD 128.50 (128.47-128.52) (n = 140) 128.52 (128.50-128.55) (n = 120) 0.60 (n = 32) 0.66 (n = 31) 

5 7/29-8/1 SLCMAD 128.60 (128.55-128.63) (n = 116) 128.59 (128.56-128.63) (n = 119) 0.65 (n = 24) 0.63 (n = 26) 

6 8/6-8/9 MADD 128.48 (128.45-128.49) (n = 120) 128.45 (128.43-128.48) (n = 120) 0.46 (n = 17) 0.33 (n = 12) 

7 8/12-8/15 SLCMAD 128.57 (128.54-128.59) (n = 120) 128.56 (128.54-128.61) (n = 120) 0.38 (n = 13) 0.36 (n = 12) 

Nulliparous = 0; parous = 1; green indicates an increase from the pre-population; orange indicates a decrease from the pre-
population 
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4.2.5 Comparing wing pixel intensities between Salt Lake City, Utah and Northern 

Colorado Mosquitoes 

 We then decided to combine PI from wild mosquitoes which were captured in 

control sites around the GSL (n = 1546) and Northern Colorado (NoCo) (n = 1958) to 

compare these wild Cx. tarsalis population PI distributions and examine them relative to 

the wild An. gambiae s.l. population PI distributions from Burkina Faso presented in 

chapter 3. The Cx. tarsalis caught around the GSL had a significantly lower median PI 

(128.53, 95% CI: 125.52-125.53) and range of PI values (128.26 – 129.34) compared 

those caught in NoCo (median 128.97, 95% CI: 128.96-128.98; range: 128.38 – 129.57) 

(Mann-Whitney; p < 0.0001). Furthermore, the distribution of mosquito PIs from the GSL 

showed a skewed distribution reminiscent of the wild An. gambiae from Burkina Faso, 

with most mosquitoes having a low PI (presumably younger) and a long thin tail of high 

PI mosquitoes (presumably older) (Figure 4.12). In contrast mosquitoes caught and 

analyzed from NoCo had PIs with a well-balanced, near normal distribution, with nearly 

equal numbers lower (presumably younger) and higher (presumably older) than the 

median. Furthermore, the bulk of these mosquitoes had the same PI values as some of 

the highest PI mosquitoes from the GSL, suggesting very different age structures of the 

captured Cx. tarsalis populations between each site (Figure 4.12).
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Figure 4.12: Comparison of Culex tarsalis pixel intensity of the control 
populations of both the Great Salt Lake naled application and Northern 
Colorado ivermectin coated birdseed field test. Cx tarsalis captured in control 
sites during the GSL naled applications had a significantly (Mann-Whitney; p < 
0.0001) lower median PI (128.53, 95% CI: 125.52-125.53) than those captured in 
NoCo (128.97, 95% CI: 128.96-128.98). 
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4.2.6 Starting a known age model for Culex tarsalis 

 Finally, we aimed to create an age model for Cx. tarsalis using the Kern National 

Wildlife Refuge (KNWR) strain. Mosquitoes were reared post-eclosion to known ages in 

a large lab mesocosm where they were forced to fly frequently to complete normal life 

behaviors and then recaptured and their wings scored for PI. Additionally, we collected 

newly eclosed mosquitoes to establish a base line PI for this strain of Cx. tarsalis. 

Mosquitoes which were collected on day 0 (n = 21) had a median PI of 128.94 (95% CI: 

128.84 – 129.01); day 3 mosquitoes (n = 13) had a median PI of 129.00 (95% CI: 

128.88 – 129.09); and day 6 mosquitoes (n = 12) had a median PI of 129.02 (95% CI: 

128.94 – 129.18) (Figure 4.13). The median PI’s from these different age classes were 

not significantly different from one another (Kruskal-Wallis test, p = 0.1092), 

nonetheless, they increased at each life stage corresponding to the hypothesis that 

mosquitoes lose their wing scales as they age and this leads to increased PI at 

subsequent days post-eclosion. We had originally intended for the known age model to 

be established up to 21 days post-eclosion, but unfortunately, contamination of the 

colony with a different species forced us to end the experiment early. 
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Figure 4.13: Culex tarsalis KNWR strain pixel intensity range by known age. 
Mosquitoes which were captured at known ages show no significant (Kruskal-Wallis 
test; p = 0.1092) difference to one another. However, median pixel intensity was 
lowest (128.94; 95% CI: 128.84 – 129.01) in day 0 (D0) mosquitoes, while D3s 
median was 129.00 (95% CI: 128.88 – 129.09), and D6 median was 129.02 (95% CI: 
128.94 – 129.18). 
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4.3 Discussion 

 In this chapter, we observed photos of wings obtained from wild Cx. tarsalis have 

a more constrained PI range when compared to An. gambiae sensu lato captured from 

Burkina Faso despite having similar median PIs. The reasonings behind this difference 

may be explained by the differences between the wings of these species or the change 

in microscope lighting needed to capture a clear picture of the Cx. tarsalis wings. An. 

gambiae wings have light and dark scales that create mottled wings, while Culex 

tarsalis scales are uniformly dark resulting wings that are more homogeneous in color. 

 In the 2023 PI data, the mosquitoes captured represented at the lower end of the 

PI ranges when compared to mosquitoes captured during 2024 NoCo field trial. 

However, the sample size was considerably lower in 2023 than in 2024. Interestingly, 

however, they were captured at the very end of the summer in weeks 34 and 35 and we 

saw similar lower PI values from mosquitoes captured during the same weeks from the 

2024 sampling (Figure 4.9), potentially suggesting lower PI values (presumably younger 

mosquitoes) at the end of the summer season are a regular phenomenon with Cx. 

tarsalis in NoCo and may be due to most of the older females not host-seeking (e.g. 

being caught in CO2 baited traps) but rather having initiated diapause activities prior to 

the onset of Fall317. An alternative explanation is that the mosquitoes in 2023 were 

captured using resting traps rather than the CDC light traps used in 2024, so perhaps 

the trapping method also contributed to the differences.  

Interestingly, when looking at the mosquitoes’ PIs caught in NoCo in 2024 (Figure 

4.14), the binned proportions exhibited a normal distribution (p = 0.05) using a Shapiro-

Wilks test, indicating a population which is not similar to the skewed mosquito 
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population age structures (many female mosquitoes with low PIs/young age and a long 

thin tail of high PI/old aged mosquitoes) observed using traditional methods like the 

Polovodova age grading method and seen with the An. gambiae from Burkina Faso 

(Figure 3.2) and to a lesser extent with the Cx. tarsalis from the GSL region in 2024 

(Figure 4.14). It may be that this observation is due to sites from which this population 

was captured, which were from homeowners’ properties in urban and suburban locales, 

representing local blood feeding sites potentially far away from most breeding sites 

(standing water in rural fields and riparian wetland) in the region49,50. It is known that Cx. 

tarsalis are competent fliers when compared to other genera of mosquitoes, so the 

breeding sites for these NoCo mosquitoes could be far away from our capture site51. 

Furthermore, the An. gambiae in Burkina Faso typically breeding in small rainwater 

pools only meters from households where they are captured, and the Cx. tarsalis from 

the GSL were captured in the spray blocks that were set up within the large breeding 

site wetlands on the edges of the GSL that experience high, constant eclosure of new 

adults. Personal conversations with the director of SLCMAD confirmed that some traps 

can exceed 10,000 mosquitoes per trap-night. To examine this phenomenon in the 

future, it may be interesting to trap Cx. tarsalis along transects from the GSL wetlands 

(presumably encompassing most of the regions Cx. tarsalis breeding sites) to the 

western foothills of the Wasatch range in SLC and perform more PI analyses. The 

foothills area contains few breeding sites but is the area of the valley where most of the 

WNV positive mosquitoes are captured. From such an experiment, it may be expected 

that PI would increase over the transect steadily and uncover older Cx. tarsalis 

populations residing in the eastern part of the city, amid the foothills. Similarly, we may 
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expect a similar phenomenon at our urban/suburban trap sites in NoCo, and thus, it is 

reasonable to think that the 2024 NoCo population structure stabilized around a 

relatively older median age with few number of younger mosquitoes with lower PI 

coming into the population, equaling the few number of older mosquitoes with higher PI 

leaving the population.  

When considering all our data examining Cx. tarsalis from across our two sites, it 

is important to note that potential for genetic differences in Cx. tarsalis populations 

between the GSL and NoCo influencing wing phenotypes that might influence our PI 

analyses. Indeed, there are three genetic clusters of Cx. tarsalis in the United States 

(Sonoran, Pacific, and Midwest clades) described by Venkatesan and Rasgon in 2010 

321. They found that Cx. tarsalis from Utah county, Utah and Gunnison, Colorado cluster 

with the Pacific clade while mosquitoes examined in Laramie, Wyoming, belonged to 

the Midwest clade that was panmictic with mosquitoes from TX, NE, MT and the 

Dakotas, and separated from the Pacific clade by the Rocky Mountain range321.   

 Considering the effects of the two control trials on Cx. tarsalis PI and assumed 

age structure, the IVM coated birdseed trial seemed to have no effect on wild Cx. 

tarsalis PI. We do have preliminary evidence that birds captured in our trial indeed had 

mosquitocidal levels of ivermectin in their blood and initial mosquito density and VI data 

from the clusters suggest a possible positive trial effect (data not shown). Nonetheless, 

the lack of effect on mosquito PI could be due to how the 20 clusters in the trial arms 

were originally constructed. While we originally envisioned each cluster being the size of 

a neighborhood with many household properties, or encompassing a large park with 

many adjacent households, due to finical, personnel, and supply constraints, we instead 
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constructed the clusters as individual household properties, where there were 2 per site 

randomized as one being the control and one the intervention. The two main drawbacks 

to this cluster size decision are high expected bird and mosquito movement in and out 

of the clusters without being exposed to the treatment. In addition to the wide 

distribution area Cx. tarsalis move outside from their breeding sites, birds which were 

targeted with the IVM coated seed do not stay in one place, obtaining food from a 

variety of locations. It has been noted that to achieve prime IVM coated birdseed 

coverage of the neighborhood’s properties, approximately 75% of treated houses 

equated to a stronger percent modeled reduction of infectious mosquito-days in the 

treated cluster222. Due to these factors, it may be more appropriate for a minimum of 

five to ten adjacent households (e.g. in neighborhood cul-de-sacs) to serve as clusters 

in future trials with medicated bird feed rather than individual houses. This would allow 

for more of the natural range of local birds and mosquitoes to be covered by the cluster 

area, allowing the ability to appropriately elucidate the impact of the IVM coated bird 

feed on the mosquito population.  

From the naled ULV-spray application around the GSL, we found a decrease in 

the median PI of wild Cx. tarsalis in the treatment arm relative to the control arm of the 

trial. Preliminary data from other trial outcomes are still being analyzed but suggest 

mixed results. The naled applications were lethal to caged, susceptible sentinel 

mosquitoes placed in the field, and mosquito densities were temporarily reduced from 

some spray events, especially the earlier ones. Alternatively, some spray events 

suffered from unexpected naled drift outside of the spray blocks due to high winds, and 

there was documented OP resistance in the wild mosquitoes too. Cx. tarsalis median 
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PIs were consistently reduced from pre- to post-spray event sampling across the trial in 

the treatment arm other than from spray event #4, and more variable (either no change, 

increased or decreased) in the control arms. Furthermore, the parity rate data from all 

treatment arm spray events were fully congruent with the changes in mosquito PI. 

These data themselves suggest that naled treatment was efficacious against a 

secondary trial outcome, in that it temporarily shifted the mosquito population structure 

to lower age classes in treatment blocks compared to control blocks as assessed by two 

independent age structure methods.  

While we were not able to generate a successful Cx. tarsalis age model to 

predict median population age from the mosquito PI data, we can still assume an effect 

using the raw PI data. While this association needs to be investigated further, this 

relationship could indicate a shift in how mosquito control experts estimate the 

population age as parity alone cannot give an estimate of true age. Additionally, by 

utilizing PI, once a known age model is established, control districts might more easily 

determine if mosquito population they monitor should be treated to limit exposure to 

WNV. 

Overall, we have demonstrated how PI can be used to stratify wild Cx. tarsalis 

populations, suggesting that PI can be a meaningful tool in discerning population age. 

We also observed a modest yet non-significant decrease in PI when mosquito 

populations in SLCMAD and MADD were exposed to naled, which seemed to remain 

stagnant around 198.5 PI units. This may suggest the treatment was targeting newly 

eclosed mosquitoes rather than established, older populations and that PI might be 

sensitive enough to identify if mosquito control tools are working on a population if 
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vector abundance is skewed in areas due to constant high emergence of adults. 

However, we did not notice any difference in median PI of Cx. tarsalis in NoCo due to 

administration of IVM coated birdseed to treated clusters. This may be due to the 

modest and slow effects of IVM relative to a rapid neurotoxin like naled, but also likely 

influence by limit coverage of Cx. tarsalis and birds ranging areas due to limitations in 

the trial’s cluster size.  

 There is a need for new comprehensive and quantitative age-grading models for 

mosquito populations. These models will help establish best practices for integrated 

vector management strategies whereby vector populations are controlled in a cost-

effective, sustainable, and effective manner, reducing the propensity for resistance 

development and reducing the relative risk to pathogens to be transmitted to humans. 

To ensure their use, these novel tools need to be easy to use and cost effective or 

mosquito control districts will be less likely to utilize them. We have initially 

demonstrated how the development of wing PI methods to age mosquito populations 

will allow for a cheaper, yet effective, alternative when compared to other novel methods 

which most often require expensive machines and advanced knowledge in molecular 

biology, biochemistry, and statistics to be implemented  

4.4 Methods and materials 

4.4.1 2023 field trial 

 Cx. tarsalis mosquitoes were collected during the summer of 2023 during the 

epidemiological weeks 34 and 35 in northern Colorado from volunteers’ properties using 

fiber resting traps and processed to determine their wing pixel intensity322. Resting traps 

were placed near bird roosting locations on the volunteers’ properties and collected 
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twice a week to identify blood meal contents of fed mosquitoes. Non-blood fed Cx. 

tarsalis from the resting traps were used for PI analysis. Mosquito wings were removed 

using #5 Dumont Fine Tipped Forceps (Fine Science Tools) and adhered to glass slides 

using a 10% sucrose solution. Slides were allowed to dry, placed in a slide box, and 

held in a -20°C freezer until photos were conducted. 

 

4.4.2 2024 field trial 

 During the 2024 field trial testing IVM treated birdseed, 20 sites within cities and 

towns in northern Colorado were selected to examine the efficacy of the bird seed 

(Figure 4.14). Ten broad geographical areas within cities or towns were selected and 

two paired households (sites) within each area were selected for sampling and 

randomly chosen to be treatment or control sites. Mosquitoes were captured using 

standard CDC and 3D printed CO2 traps, sans light323. The change from resting traps to 

CO2 traps was necessary to create a model which did not interfere with current 

mosquito control district standard practices and add unneeded steps to their protocols. 

Traps were set up and collected on two concurrent nights, each week. The morning 

after the traps were set up, collection cups were removed and brought back to Colorado 

State University’s (CSU) Center for Vector-borne Infectious Diseases (CVID) for 

processing. Up to ten Cx. tarsalis per collection cup were sequestered and had their 

wings removed and glued to glass slides in the manner stated above. Wingless 

mosquitoes were added back to collection cups to calculate the vector index for the 

epidemiological week they were captured in. Wings were retained in the same manner 

as above. 
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4.4.3 Salt Lake City and Davis Mosquitoes Abatement District naled application 

 During the SLCMAD and MADD evaluation of naled using an aerial ultra-low 

volume application process, mosquitoes were captured in the control and treatment 

zones both before and after the treatment was applied. Up to ten Cx. tarsalis from each 

trap had their wings removed, glued to slides, and stored in the same manner as above. 

Slide boxes were then sent to CSU’s CVID for further analysis. A subset of the 

Figure 4.14: Chosen sites for the 2024 ivermectin coated birdseed field trial. 
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mosquitoes which had their wings removed were stored in the freezer until parity 

analysis could be conducted. 

 Mosquitoes which were allocated for parity determination were allowed to thaw 

and had their ovaries removed and placed on slides to observe if the tracheoles were 

tightly coiled or loose. Mosquitoes which were found to be tightly coiled were considered 

nulliparous while those with loose tracheoles were considered parous. Proportion 

analysis was then conducted to determine the population parity rate per arm, pre and 

post treatment. 

 

4.4.4 Mosquito rearing and mesocosm experiment 

 Culex tarsalis KNWR strain were reared at 27-30°C with 60-80% relative 

humidity. A standard photoperiod of 16 hours light:8 hours dark was utilized. Larvae 

were raised in open-top plastic bins and fed a diet of TetraMin fish food (Spectum 

Brands Pet, LLC). Pupae were picked, placed into water cup, then placed into a bin 

topped with netting to keep mosquitoes from escaping. 24 hours after pupae were 

picked, the pupae cup was removed and the eclosed adults were taken into mesocosms 

located in the insectary at CVID using the standard insectary conditions mentioned 

above. Adults were allowed to free roam the mesocosm and had constant access to 

raisins and water. To reach these, mosquitoes had to navigate through plastic plants in 

the room covering the subsistence. Raisins and water were located on the opposite 

ends of the mesocosm, requiring the mosquitoes to fly from one end to the other to seek 

their meal and water. Female mosquitoes were collected 3 or 6 days after being placed 
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into their mesocosm using a variable speed prokopack on the lowest setting. To obtain 

the day 0 mosquitoes, female mosquitoes which had emerged from pupae within 24 

hours were collected using a prokopack. Wing processing occurred in the same manner 

as used above for consistency.  

 

4.4.5 Digital wing photo analysis 

Each wing obtained from all the instances mentioned above were photographed 

using a Leica EZ4 stereoscope and the Leica LAS EZ program. Each photo was taken 

at 1080P, a magnification of 20X, 70% brightness, 0.55 gamma, and 77.00 saturation. 

Additionally, only the bottom light was utilized. These settings were chosen due to Cx. 

tarsalis wings are highly reflective, resulting in a rainbow shine occurring which these 

settings reduced. PI was calculated for each wing by processing them in the BigPicture 

program developed by Viden Technologies, LLC. Subsequently, the mean of the left- 

and right-wing PIs were calculated to establish a PI per individual mosquito (a single PI 

from the mean of both wings). If a mosquito had only one wing image, or if one wing 

was folded or torn during the slide mounting process, the individual mosquito was given 

a PI that came from only one of its wings. 

 

4.4.6 Statistical analysis 

 Mean PI and parity rates were calculated using excel. All other analyses were 

made using GraphPad Prism (v10.1.1) using an alpha of 0.05. Normality of data was 

tested using a Shapiro-Wilk test. If normality was not found Mann-Whitney tests were 
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utilized. However, if the data was determined to be normal, unpaired t-tests were used. 

The tests were used to determine the differences between control and treatment arms 

during the 2024 NoCo field trial and the pre- and post, control, and treatment zones 

during the SLCMAD and MADD application of naled. Expected versus observed chi-

squares were used to determine a difference in wing favorability. Post hoc Dunn’s 

multiple comparisons test was used to determine if the known age mosquitoes median 

PI were significantly different from one another.
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CHAPTER 5: SUMMARY AND FUTURE CONSIDERATIONS 
 
 
 

While mosquito-borne disease mortality rates are declining, cases are increasing 

and VBD ranges are expanding into new areas2,31. Invasive mosquito species are 

occupying niches in areas where other species do not take advantage of, altering the 

mosquito control landscape4,6,7. Rising insecticide resistance to current formulations 

requires industry to alter their approaches, however, some IR in mosquitoes is cross-

protecting, leading to rapid resistance of new formulations of commonly used insecticide 

backbones110,113,115,119,120,123,253,254,324,325. New mosquitocidal drugs are necessary to 

make an impact on the changing landscape of mosquito population dynamics114–

116,120,144. Endectocides, such as the avermectin class, have shown promise for their 

mosquitocidal abilities and are particularly efficacious on anopheline mosquitoes, the 

vectors of human malaria211,259,262–264,280. Currently ivermectin (IVM), an avermectin 

derivative, is being used as the first endectocide to elucidate if these drugs can make 

impactful changes to the Anopheles mosquito populations across Africa and Southeast 

Asia, but the literature is lacking in IVMs ability to kill mosquitoes on its own after 

humans have ingested the endectocide170,199,203,204,206,207. 

Additionally, current mosquito age-grading techniques such as mid- and near-

inferred spectrometry have reinvigorated the need for a new tool for control experts and 

researchers to identify populations which need to be targeted for 

control237,241,242,290,291,294,296. Currently however, these techniques are more equipped to 

identify very young and old mosquitoes, leading to the mosquitoes in the middle to be 

incorrectly aged. Additionally, these methods have a high upfront cost if control districts 
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do not have the current methods to conduct them. Thus, a need for a novel, cost-

effective, high-throughput, and accurate age-grading system is needed for control 

districts to utilize. 

 

5.1 Using ivermectin as a mosquito control tool 

Using plasma obtained from participants of the RIMDAMAL II clinical trial, it was 

found that participants retain a IVM concentration to illicit a mosquitocidal response 7-

days post-intervention using a 300µg/kg per day for three days dose. It was found 

however, that the severity and mosquito survival was dependent on participant age and 

sex, with the younger participants clearing IVM more quickly than older participants 

and female participants retaining IVM concentrations longer than males, likely due to 

sex differences in body fat percentages. While IVM in participants’ plasma did illicit a 

mosquitocidal effect, it was surprisingly short lived, lasting up to 14-days post-

intervention, a reduction in the proposed 28-day models214,215. While IVM has a short 

half-life, it may be better to examine other endectocides, such as isoxazolines, which 

have a longer pharmacokinetic profile compared to IVM272,276–279. This would reduce 

the number of MDAs required to illicit a response and reduce the cost associated with 

MDAs. However, moving to isoxazoline drugs will not circumvent the exclusion criteria 

of treating some participants with IVM, which causes select individuals from being 

treated, thus causing a lap in a treated community.  

Additionally, while the mosquitoes in the lab indicated a feeding aversion 

response to plasma containing IVM, we did not find evidence of this when analyzing the 

bloodmeal contents of wild caught mosquitoes. Comparing the two groups currently 
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would be inappropriate due to the nuances of wild mosquitoes versus the structure of 

insectary operations. A more thorough understanding wild An. gambiae s.l. population 

dynamics is necessary to assess if feeding aversion is occurring. These experiments 

should be done with wild An. gambiae s.l. in outdoor mosquitospheres using two groups 

of participants, one with an active IVM concentration and one without, confirmed via 

High-Performance Liquid Chromatography and Mass Spectrometry. Participants would 

then perform human landing captures on mosquitoes that not only probe but are actively 

feeding for more than a few seconds. This would allow researchers to identify feeding 

aversion in a pseudo-wild environment. 

Ultimately, the answer might be in providing a multifaceted approach, using 

indoor residual spraying, insecticide treated bed nets, an endectocide, and attractive 

toxic sugar baits in conjunction with one another. This could result in a community to be 

protected from mosquitoes in all facets; however, this level of control would likely be 

cost prohibitive.  

 

5.2 Developing a novel mosquito age-grading technique  

While we can attempt to control all mosquitoes, nuisance or pathogen 

transmitters, control experts should shift to the mindset of insecticide resistance 

prevention, only targeting older, possibly infectious mosquitoes with insecticides. While 

there are a few new methods to examine mosquito population age, these methods are 

expensive, requiring advanced analytical machinery to run and professionals to analyze 

the complex data, which most control districts cannot afford. While using techniques 

that revolve around parity are qualitative, these techniques require an exorbitant amount 
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of time, meticulously isolating, removing, then grading the ovaries into parous or 

nulliparous bins. A novel age-grading technique which is high throughput, easy to use, 

financially accessible, and does not require advanced statistical models to be ran by the 

user is needed.  

Currently, PI of wing photos to measure mosquito population age is in its infancy. 

It still requires statistical applications to run models, and the development of more 

robust, known-age models for known vectors are needed. Eventually, we see this as a 

web-based program where mosquito control districts can submit mosquito wing photos 

from a sample of their population and the program will analyze, speciate, and deliver a 

population age estimation to the user. This program needs to be user friendly and 

enticing to control districts, while academics could use this method, the target 

demographic should be control districts and local mosquito experts. However, before 

this goal can be accomplished, more research is needed to establish PI age grading as 

a contender among novel methods. Additionally, our prior research has indicated that PI 

can be a valuable tool which is not influenced by wing size243. 

This dissertation has shown that PI based age-grading can be used to estimate 

wild An. gambiae s.l. and observe a difference in the mosquito populations PI once the 

IG2® nets were used in the community (see chapter 3). We also demonstrated that PI 

can be used to analyze wild Cx, tarsalis in both northern Colorado and Salt Lake City, 

Utah, suggesting that PI can be utilized for Cx. tarsalis as well. Currently though, wild 

Cx. tarsalis age cannot be interpolated due to a lack of a known-age model. The model 

which is currently developed only extends out to 6 days post-eclosure, thus it is 

necessary to extend the known-age PI model before ages can be interpolated.  
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Furthermore, it was noticed that microscope location may influence PI. Photos 

taken of Cx, tarsalis wings in SLCMAD and again at CSU yielded different results. A 

comparison indicated that the PI ranges were significantly different from one another 

(data not shown). Both locations used the same settings on the Leica LAS EZ program 

and in the same photo format, suggesting that the location of the microscope affects the 

ambient light in the photos, resulting in different PIs. To circumvent this issue, we 

believe that by building a box-housing for the microscope, preventing any outside light, 

would keep PI ranges from fluctuating across locations. We also observed a difference 

in PI when newly eclosed Cx. tarsalis were captured via CDC light trap, Prokopak, and 

mouth aspiration. However, this difference was not unexpected, as the traps are created 

with their fan in different locations in relation to the traps collection cup. It was expected 

the mosquitoes which were captured via CDC light trap may undergo more damage, 

due to mosquitoes going through a fan before arriving at the collection cup. 

Furthermore, photos taken of the wings result in a wide area which results in wide 

negative space around the wing. We believe that with the advancement of artificial 

intelligence tools, we can utilize these tools to crop out all but the wings, making the PI 

reflective of the wing itself, and not the entire photo.  

Future field studies should be conducted to elucidate if PI can be utilized to 

develop an age-grading method which can satisfy the requirements for mosquito control 

districts, determining when and where mosquito control techniques would be best used.  

Additionally, research is needed to determine if the influence the trap type has on PI can 

be circumvented, possibly with the use of a Biogents BG-Pro All-In-One traps instead of 

CDC light traps326. These traps are modular, meaning the fan can be positioned in a 
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way that mosquitoes are pulled into a mosquito collection net without going through the 

fan first, akin to a CDC resting pot trap.  
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