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Abstract

Background: Health care providers worldwide are rapidly adopting electronic medical record (EMR) systems, replacing paper
record-keeping systems. Despite numerous benefitsto EMRS, the environmental emissions associated with medical record-keeping
are unknown. Given the need for urgent climate action, understanding the carbon footprint of EMRs will assist in decarbonizing
their adoption and use.

Objective: We aimed to estimate and compare the environmental emissions associated with paper medical record-keeping and
its replacement EMR system at a high-volume eye care facility in southern India.

Methods: We conducted the life cycle assessment methodology per the 1SO (International Organization for Standardization)
14040 standard, with primary data supplied by the eye carefacility. Dataon the paper record-keeping system include the production,
use, and disposal of paper and writing utensilsin 2016. The EMR system was adopted at thislocation in 2018. Data on the EMR
system include the allocated production and disposal of capital equipment (such as computers and routers); the production, use,
and disposal of consumable goods like paper and writing utensils; and the el ectricity required to run the EM R system. We excluded
built infrastructure and cooling loads (eg. buildings and ventilation) from both systems. We used sensitivity analyses to model
the effects of practice variation and data uncertainty and Monte Carlo assessments to statistically compare the 2 systems, with
and without renewable electricity sources.

Results: Thislocation’s EMR system was found to emit substantially more greenhouse gases (GHGs) than their paper medical
record system (195,000 kg carbon dioxide equivalents [CO.€] per year or 0.361 kg CO.e per patient visit compared with 20,800
kg CO,e per year or 0.037 kg CO,e per patient). However, sensitivity analyses show that the effect of electricity sourcesis a

major factor in determining which record-keeping system emits fewer GHGs. If the study hospital sourced all electricity from
renewable sources such as solar or wind power rather than the Indian electric grid, their EMR emissions would drop to 24,900
kg CO.e (0.046 kg CO.e per patient), alevel comparable to the paper record-keeping system. Energy-efficient EMR equipment
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(such as computers and monitors) is the next largest factor impacting emissions, followed by equipment life spans. Multimedia
Appendix 1 includes other emissions impact categories.

Conclusions. The climate-changing emissions associated with an EMR system are heavily dependent on the sources of electricity.
With a decarbonized el ectricity source, the EMR system’s GHG emissions are on par with paper medical record-keeping, and
decarbonized grids would likely have a much broader benefit to society. Though we found that the EMR system produced more
emissions than a paper record-keeping system, this study does not account for potential expanded environmental gains from
EMRs, including expanding access to care while reducing patient travel and operational efficiencies that can reduce unnecessary

or redundant care.

(J Med Internet Res 2024; 26:e42140) doi: 10.2196/42140
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Introduction

Expansion of Electronic Medical Records

Health care systems are in the middle of a rapidly shifting
framework, one that comes not from new medicines or new
genetherapies but from the way medical information istracked,
stored, and shared through electronic health records (or
electronic medical records[EMRS]). The use of EMR has been
steadily increasing across the world since the early 2000s[1,2].

The COVID-19 pandemic and the subsequent rise of
telemedicine propelled the expansion of EMRs. Telemedicine
visits have expanded across various medical settings and are
becoming more common in low- and middle-income countries
(LMICs) [3]. In order to better integrate video visits and allow
important information to be shared between doctor and patient
remotely, patients and physicians began increasingly relying
on EMRs to integrate video visits and alow important
information to be virtually shared between doctor and patient,
aswell asamong other providersin the patient’s circle of care,
ensuring better informed care and better outcomes [4]. EMRs
also facilitated the implementation of screening processes for
COVID-19, reporting and analytics of COVID-19 cases, and
other outbreak management supports[5].

Beyond facilitating telemedicine, there is a sizable body of
literature on theimpacts, mostly beneficial, of EMR transitions
on physician use, patient experience, and hospital efficiency
[6-10]. EMRs are key data management tools as well as
important validation tools for reducing clinician error [11].
When used in conjunction with telemedicine, they can facilitate
medical care in rural and remote areas, which is particularly
important in LMICs[3]. On the other hand, EMR adoption and
implementation require immense ingtitutional support, such as
policy making and cultural change.

However, these considerations only represent some of the
implications of implementing EMR systems. The carbon
footprint of health care is 4.4% of net emissions globally [12],
and therefore considering the environmental impact of
implementing EMR systems is key to understanding the
implications of their use. It is also worth noting that >90% of
US hospital s have adopted some kind of certified EMR system
to conduct 7 out of 9 patient care-related processes [13].
Although the rate of adoption of EMR systems in other
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countries, particularly LMICs, is slower due to the high costs
associated with their purchase and maintenance, technological
advancement and easier implementation have led to a steady
upward trend, and it is expected that other countries’ systems
will soon mirror the United States. Understanding these
implications is even more important when considering
implementing EMR systemsin the rapidly growing health care
systems of LMICs. Measures to reduce carbon emissions in
LMICs' health systemswould not only combat climate change,
which disproportionately threatens the health of the most
vulnerable populations, but would also garner long-term savings
[14].

To date, there is relatively little quantitative data about the
environmental implications of transitioning to an EMR system,
and evenlessinthe context of LMICs. Transitioning away from
paper-based records has the potential to reduce emissionsfrom
paper production and waste. However, electronic records also
requireinfrastructure and electricity to implement and maintain,
which require carbon emissions. This study will therefore try
tofill this gap in knowledge by looking at how the transition to
EMRs impacts a private ingtitution in an LMIC, as well as
addressing wider relevancetoward sustainable and green health
care goals.

Case Location

Aravind Eye Care Systems (referred to as“Aravind” henceforth)
isthelargest conglomerate eye care provider in India. It annually
handles over 4 million outpatient visits and performs over
400,000 surgeries or laser procedures, with over 50% of them
being free or steeply subsidized. Aravind’s operating theaters
are highly productive through efficient assembly line service
operations and effective resource consumption. Cataract
surgeries at Aravind are noted for their excellent outcomes,
efficiency, cost-effectiveness, and environmental sustainability
[15-18]. One sustainability initiative was the system’stransition
from paper-based health records, which was enacted at
Aravind's  Pondicherry-based  location  in  2018.
Aravind-Pondicherry tertiary center is a 37,160 m? facility
located on an 81,000 m? plot. It has 650 beds and caters to the
needs of over 21.2 million peoplein the nearby districts of Tamil
Nadu and Pondicherry. Aravind-Pondicherry served 568,982
patients in 2016, while still on a paper medical record system,
and 538,325 in 2019, after switching to an EMR system. This
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study comparesthelife-cycle greenhouse gas emissions (GHGs)
of their paper record-keeping system in 2016 with their EMR
system in 2019, 1 year after it was enacted.

Methods

Overview of Life Cycle Assessment

This study uses life cycle assessment (LCA) to estimate the
GHG emissions of Aravind's paper record-keeping system
(2016) compared with its EMR system (2019). LCA is atool
used to estimate the environmental emissions of a product or
process throughout its life cycle, from raw material extraction,
production, use, end of life, and all the transportation stepsin
between. It has been used to estimate emissionsfor avariety of
products and services, including in the health care space[19,20].
Though it has been increasingly used to monitor the impact of
telemedicine, thisisthefirst time, to our knowledge, that it has
been used to estimate GHGs from EMR systems.

According to 1SO (International Organization for
Standardization) 14040 standard [21], LCA isconducted in four
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steps: (1) goal and scope definition, (2) life cycle inventory
(LCI), (3) life cycle impact assessment (LCIA), and (4)
interpretation. The goa of this study is to compare the
environmental impacts of Aravind's paper record-keeping
system with their EMR system (Figures 1A and 1B), annually
and on a per-patient basis. The functional unit is the creation
and maintenance of 1 patient’s health records. We include all
production and disposal impacts from disposable and reusable
supplies and equipment in both systems. We did not include
heating, ventilation, and air conditioning required to maintain
either system, given the difficulty in making such an allocation.
Space is a major issue for Aravind's paper record-keeping
system, for which this study may not accurately estimate the
emissions. Aravind's policy requiresthem to store paper records
on site for 3 years after the patient’s last visit for outpatient
records and 5 years for surgical records. As of 2020,
Aravind-Pondicherry was maintaining 1,600,000 patient paper
filesin 2 hospital spaces, for atotal of 237 m? of air-conditioned
space dedicated to paper record storage. Likewise, EMRsrequire
cooling servers for data storage, though this would take up
considerably less space per patient than paper records.
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Figure 1. System boundaries and included or excluded elements. (A) Aravind Eye Care System’s paper record-keeping system (before 2016) and (B)
Aravind's electronic medical record (EMR) system (implemented in 2018 and tested in 2019).
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Inventory: Consumable Supplies

Aravind's paper medical records required pens, pencils, and
paper forms. The study team obtained purchase records for all
paper, pens, pencils, and toner purchased by Aravind in 2016
and in 2019. The excess of pens and pencils purchased in 2016
was assumed to be a requirement of paper record-keeping (ie,
the quantity purchased in 2016 was subtracted from the quantity
purchased in 2019 to assess the changes due to the EMR
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XSL-FO

RenderX

implementation). Our LCI databases did not contain unit
processes for pens or pencils, so we estimated their GHG
emissions from previous literature [22-24]. To estimate the
environmental emissions from disposing of these items, we
converted the number of items purchased into weights by
directly measuring the weight of a generic pen and pencil. We
assumed these products were disposed of in a sanitary landfill.
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Paper purchasing data were obtained for 2016 and 2019. All
formsfor the paper medical record were printed by alocal third
party using offset printing methods. After enacting the EMR,
some paper forms were still printed by Aravind in the hospital
on purchased laser printers. For example, apatient consent form
and medical documents are often sent home with patients.
Though Aravind purchased an extra430 toner cartridgesin 2019
compared with 2016, these are not expected to be the annual
purchases of toner required for the EMR system. The capacity
of the cartridges purchased ranges from 1600 to 3500 pages
printed, so we conservatively use the 1600-page estimate. As
Aravind used 251,180 sheets of paper for their EMRS, this
resulted in an estimated 157 cartridges expended.

For disposal impacts of these consumables, we did not assume
any losses in weight as pens or pencils were used, but we did
account for the “loss’ of toner in the cartridges at their end of
life by using empty cartridge specifications from the
manufacturer. Aravind shreds all paper records and sells the
shreds to local paper dealers for recycling. We assumed all
paperswere disposed of thisway, even if someweretaken home
by patients.

Inventory: EMR Capital Outlay and Disposal

Installing the EMR system required the purchase of capital
equipment and wiring infrastructure, including computers
(tablets and desktops), screens, scanners, printers, routers and
switches, cables and chords, other miscellaneous equipment
(platforms, racks, power strips, monitor stands), and I T support.
Aravind supplied alist of this equipment, its make and model,
and its costs. The production and disposal impacts of theseitems
need to be allocated across product life spans. The life span of
computers and their electrical components is highly variable
and dependent upon disk size, RAM availability, the condition
of their hardware and systems, maware, and initial quality, as
well as cultural and community factors. Here, we assume a
replacement rate or product lifetime of 5 years for computers
[25,26], 4 years for printers and scanners [27], 5.7 years for
routers and switches [28], 9.5 years for computer screens[29],
and 10 yearsfor cables and miscellaneous equipment. Disposal
impacts were estimated based on the weight of the electronic
product, according to the manufacturer’s product specifications.
We assumed al electronic equipment was sent to e-waste
recycling and all consumables were sent to a sanitary landfill.

Inventory: Energy Consumption

To estimate the energy consumed while using the EMR, we
directly measured the kWh consumed by desktop computers
and screens using awatt meter, and we used the manufacturer’s
product specifications to estimate the power consumption of
remaining capital goods such as laptops or tablets, printers,
scanners, and routers. We assumed cables and miscellaneous
equipment consumed no additional wattage. As areflection of
the average work week and power-down policies at Aravind,
we assumed that computers and digital screensare on 10 hours
per day and turned off 14 hours per day, 7 days a week. This
will likely overestimate their energy consumption, as Aravind
typically sees fewer patients on Sundays. These assumptions
were validated by Aravind's staff, and variations to these
assumptions were tested in our sensitivity analyses. Routers
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and switches are rarely powered off at the end of aworkday, so
their assumed usage is 24 hours per day. For the printers, we
assume they are in “printing” mode for 15 minutes each day
andin“ready or on” therest of the 24-hour day. Asnoted above,
the energy required to cool this equipment was not included in
this study. We assumed all power was drawn from the local
electric grid, using the Indian national average mix of power
generation sources.

For data storage, Aravind purchases 500 GB annually from the
Google Cloud Platform. The energy consumption of cloud-based
data storage is highly variable. In addition, Google Cloud
Platform claimsto be carbon neutral using carbon offsets[30].
For the purposes of this study, we estimated the power
consumption of a typical hard disk using manufacturer
specifications and multiplied this wattage (8.5 W) over ayear.
This will likely overestimate the energy consumption and
emissions associated with data storage, particularly for medical
records, which are not being constantly modified as other
cloud-based data may be.

LifeCyclelnventory and | mpact Assessment Methods

All LCI was created using SimaPro (version 9.3.0.2; Pré
Consultants) [31] and the Ecoinvent (version 3.8; Ecoinvent)
database [32], one of the most comprehensive LCA databases
available, using an allocation and cut-off by classification
approach. Two exceptions are the production of pens and
pencils. A full list of LCI and chosen unit processes can be
found in Table S1 in Multimedia Appendix 1 [31]. The LCIA
step was conducted using the US Environmental Protection
Agency’s Tool for Reduction and Assessment of Chemicals
and Other Environmental Impacts (TRACI; 2.1 version 1.06/US
2008; US EPA) [33]. Here, we report units of GHG emissions
in kg carbon dioxide eguivalents (CO,€). Other emission
categories, such as acidification, eutrophication, and air
pollution, can be found in Multimedia Appendix 1.

Sensitivity Analyses and M onte Carlo Assessment

To test our assumptions and account for variations in practices
outside of Aravind, we conducted multiple best- and worst-case
sensitivity analyses. For the EMR, we analyzed the impact of
shorter and longer life spansfor capital equipment, moreor less
energy efficient capital equipment, and the use of solar power
instead of the Indian electric grid (energy estimates from
previous literature and from Ecoinvent [32]). Table S2 in
Multimedia Appendix 1 contains a detailed list of sensitivity
assumptions. In addition, we constructed a Monte Carlo
assessment (MCA) through SimaPro software to estimate the
uncertainty in our models. The unit processes we select to
represent the LCI stage are representative of industry averages
rather than our specific use case. For example, the unit process
for computer manufacturing selected from Ecoinvent represents
the manufacturing and shipping of computers globally. The
manufacturer used by Aravind could be emitting more or less
than the industry average. The MCA allows us to account for
that uncertainty. Using 1000 runs and a 95% ClI, we assessed
the differencesin emissions categories between Aravind's paper
record-keeping system and their EMR system, with the Indian
grid and with solar power. The MCA, however, excludes
impacts from the production of pens and pencils (the data for
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which came from non-Ecoinvent sources) and disposa
pathways. The detailed results of the MCA can be found in
Multimedia Appendix 1.

Ethical Consider ations

This study was deemed "non-human subjects research" by
Aravind Eye Care System and thus did not require ethical review
board approval. No human participants were used in this study,
and any data reporting the number of patients served by this
system were provided, anonymized, and aggregated by the study
location.

Results

The EMR system was found to emit substantially more GHGs
than the paper medical record system, shown in Figure 2 and

Kwon et d

Table S1 in Multimedia Appendix 2. A mgjority of the EMR
system’s emissions (90%, or 175,800 kg CO.e per year) are
from the electricity used to run the system. The production of
computers accounts for 5% of the EMR system’'s GHG
emissions (10,300 kg CO.e per year), and toner production
accounts for another 1% (2100 kg CO.,e per year). Emissions
for the paper medical record system are nearly 100% from the
production of printed paper (20,700 kg CO,e per year). Per
patient, both systems generate a small quantity of emissions:
0.361 kg CO.e for the EMR system and 0.037kg CO.e for the
paper system. Results per patient and resultsfor other emissions
impact categories can be found in Multimedia Appendix 1.

Figure 2. Annual greenhouse gas (GHG) emissions from Aravind's paper medical record-keeping system and their electronic medical record (EMR)

system, with Indian electric grid and with solar power (renewable energy).
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The sensitivity analyses illustrate extreme variability in GHG
emissions and the potential for reducing the EMR system’s
emissions to a level more comparable to the paper medical
record system. Renewable electricity sources seem to be the
largest factor, with solar power reducing the EMR system’s
emissions by 87%, from 195,000 kg CO.e to 24,900 kg CO.e
(Figure 3). More energy-efficient equipment could reduce
emissions by 55% (87,100 kg CO.e), whileless energy-efficient
equipment could increase emissions by 60% (312,000 kg CO,€).
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End of life

Aravindislikely already using capital equipment for an optimal
life span. Increasing life expectancy (from 10 to 20 years for
cables or from 5 to 10 years for computers; Table S3 in
Multimedia Appendix 1) could reduce emissions by 4%
(187,000 kg CO,€), but increasing the frequency of replacement
to levelsmore common in countrieslike the United States (from
10 to 5 years for cables and from 5 to 1 year for computers)
could increase the EMR emissions by 25% (243,000 kg CO.€).
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Figure 3. Effectsof model and input variability on life cycle greenhouse gas emissions from Aravind's electronic medical record (EMR) system.
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When assuming the EMR system is powered by solar panels (a
renewable energy source), the emissions are more comparable
to those of the paper record-keeping system, though the paper
record-keeping system still outperforms a renewably powered
EMR system (Figure 4). However, the share of emissions shifts
when solar power isused, with the el ectricity required to power
the EMR system representing only 25% (6170/24,900 kg CO.€)

_ -91%

- _55%

4%

25%

50,000 100,000 150,000 200,000

of GHG emissions, rather than 90% 175,796/194,538 kg CO.€)
(Table S2 in Multimedia Appendix 2). The production of
computers becomes the largest source of emissions, at 41%, or
10,300 kg CO,e per year (0.02 kg CO.e per patient). Production
of capital equipment results in 57% (14,220/24,900 kg CO.€)
of emissions in this scenario, and production of consumables
resultsin 15% (3670/24,900 kg CO.€e) of GHG emissions.

Figure4. Greater detail of annual Greenhouse Gas (GHG) emissions from Aravind's paper medical record—keeping system and their electronic medical

record (EMR) system with renewable energy (solar power).
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The MCA assesses model uncertainty and shows that the paper
system is preferable to the EMR system on an Indian grid in
nearly all environmental impact categories except carcinogenic
and noncarcinogenic impacts, where they perform similarly.
With solar power, the EMR system’simpacts overlap more with
the paper system’s impacts. EMR is comparable to paper
record-keeping for carcinogeni c and noncarcinogenic emissions
categories, where the distribution of EMR impacts is less than
paper in about 50% (solar-powered EMR was less than paper
record-keeping in 590/1000 runs and 515/1000, respectively)
of MCA runs. For air-related categories such as fossil fuel
depletion, respiratory effects, global warming, smog formation,
and ozone depletion, EMR emissions are lower than paper for
about 10% (0/2000, 42/1000, 7/1000, 12/1000, and 362/1000,
respectively) of MCA runs (Table S5, Figure S6 in Multimedia
Appendix 1). However, for water-related categories such as
acidification, eutrophication, and ecotoxicity, the paper
record-keeping system outperforms the solar-powered EMR
system in nearly 100% (821/1000, 942/1000, and 1000/1000)
of MCA runs (95% ClI).

Discussion

Changing the Footprint of the EMR

Assuming the use of the Indian electric grid, Aravind's EMR
system generates an estimated 195,000 kg CO.,e per year, or
0.361 kg CO,e per patient visit. This far exceeds the GHGs
emitted from their paper record-keeping system, with an
estimated 20,800 kg CO,e per year or 0.037 kg CO.e per patient.
Thisis equivalent to the use of 42 passenger vehicles over the
course of a year for the EMR system and the use of 4.5
passenger vehicles in the case of the paper record-keeping
system.

However, sensitivity analyses show that the effect of electricity
sources isamajor factor in determining which record-keeping
system emits fewer GHGs. Indeed, this study overestimates
Aravind's emissions, as they are using solar panels for about
22% of their electricity needs. Total reliance on renewable
energy sources such as solar or wind power will reduce the
emissionsfromthe EMR system to alevel comparableto paper
record-keeping (approximately 24,900 kg CO,€e). Therefore,
beyond the use of solar panels, decarbonizing electric grids
could massively reduce impact while also benefiting all other
industries reliant on the grid. Of note, proper sourcing of solar
photovoltaic systems and other renewable technol ogies should
be a priority, given the labor violations currently in the market
[34].

Study Limitations

This study was conducted 1 year after Aravind implemented
their EMR system; however, some residual and unnecessary
practiceslikely remained from the paper-record-keeping system.
At the time of this study, Aravind still used a mix of paper and
electronic materials. Switching entirely away from paper may
result in increased emissions from computer equipment or
electricity, but it could reduce the remaining impacts from paper
and toner production. A longer-term follow-up study may help
assess environmental impacts after the EMR system has been
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fully implemented [35]. Examples of fuller use of the EMR
system include barcode scannersfor noting sterilization, devices
that allow patientsto sign consent forms digitally, or increased
training for staff to increase their comfort levels with the EMR
system.

This study was conducted at a single institution, and the EMR
system set up here may be unique to this setting. We have
included sensitivity analysesin part to account for variation in
practice, but this study’ sresults may not be translatable to other
settings. In addition, some elements of both systems were not
included in thisstudy. The paper record-keeping system did use
some computers and printing, which we did not account for.
We have also made assumptions around the life spans of EMR
technologies, EMR energy use, and the number of consumables
used in each system, which can change the emissions profiles
of both systems.

The Unmodeled Environmental Impacts of EMRs

Regardless of electricity source, implementing EMRS,
particularly in emerging and expanding health systems in
LMICs, has avariety of benefits that are important to consider
and have not been captured in thisLCA. EMRsimprove patient
overal care delivery outcomes through enhanced care
coordination, enabled data sharing, and decreased clinical errors.
Providing the right care to the right patient at the right time
ensures emissions from medical practice are not unnecessary
[36]. One clinical error that also causes significant waste and
unnecessary emissions, ordering duplicative lab tests, has been
significantly eliminated in health systems after the adoption of
EMRs [37]. Simultaneously, EMRs can increase efficiencies
within hospitals and reduce costs in health care systems [7,8].
Aravind was ableto reclaim hospital space previously allocated
to record storage, facilitating more patient care. In addition,
50% of the staff needed for medical record keeping were
reassigned to other critical tasks.

Thereare other environmental impacts of thetransitionto EMRs
that are not captured by this LCA, a primary one being
facilitating telemedicine through enabling the digital transfer
of information between patient and doctor. Previous evidence
in the US context suggests that transitioning away from paper
record-keeping can reduce deforestation from paper production
and decrease transportation to hospitals due to increased
telemedicinevisitsor email correspondences[38]. Thissupports
a sizable body of research from high-income countries that
points to telemedicine reducing the carbon footprint of
appointments, primarily by reducing transport-associated
emissions, although the exact carbon footprint savings can vary
widely depending on the context [39,40]. Supporting
telemedicine has a multitude of other benefits, particularly for
LMICs, as the expansion of telemedicine improves access for
many vulnerable and geographically remote patients. Since
implementing an EMR system, Aravind has created a network
of clinics that videoconference with physicians in the main
hospital, enabling greater access and triage for patients while
maximizing the time and reach of clinicians. Likewise, it has
reduced travel and travel-related environmental impacts for
providing necessary care.
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Conclusion

EMRs have the potential to transform how hedth care is
delivered in LMICs. However, EMRS have an environmental
footprint that should be considered, given the devastating health
consequences of climate change. When implementing an EMR
system, health care systems should use energy-efficient
technologies wherever possible and develop processes and

Kwon et d

Moreover, investing in strategies to decarbonize electric grids
isessential to ensuring that health care expansion is conducted
more sustainably. This could be done locally by individual
hospitalsthrough the installation of solar or wind power or more
strategically at a national level, which would have greater
influence on other industries as well. Improving the
environmental performance of EMRsis an important aspect of

maintenance protocolsto increase thelife span of theseproducts,  Making healthcare safe and accessible across the world.

Acknowledgments

The authors would like to thank Dr David Chang and the American Society of Cataract and Refractive Surgery (ASCRS)
organization for their contributions to the article processing fees.

Data Availability
All data generated or analyzed during this study are included in this published article and its supplementary information files.

Conflictsof I nterest
None declared.

Multimedia Appendix 1

Supplemental information (tables and figures).
[DOCX File, 489 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Supplementary tables.
[DOCX File, 30 KB-Multimedia Appendix 2]

References

1. Giacdone A, Marin L, Febbi M, Franchi T, Tovani-Palone MR. eHealth, telehealth, and telemedicine in the management
of the COVID-19 pandemic and beyond: lessons |earned and future perspectives. World J Clin Cases. Mar 16,
2022;10(8):2363-2368. [ FREE Full text] [doi: 10.12998/wjcc.v10.i8.2363] [Medline: 35434056]

2. EvansRS. Electronic health records: then, now, and in the future. Yearb Med Inform. May 20, 2016;25(Supp! 1):S48-S61.
[FREE Full text] [doi: 10.15265/1Y S-2016-s006] [Medline: 27199197]

3.  Hoffer-Hawlik MA, Moran AE, Burka D, Kaur P, Cai J, Frieden TR, et a. Leveraging telemedicine for chronic disease
management in low- and middle-income countries during Covid-19. Glob Heart. 2020;15(1):63. [FREE Full text] [doi:
10.5334/gh.852] [Medline: 33150128]

4.  Mann DM, Chen J, ChunaraR, Testa PA, Nov O. COVID-19 transforms health care through telemedicine; evidence from
thefield. JAm Med Inform Assoc. 2020;27(7):1132-1135. [FREE Full text] [doi: 10.1093/jamia/ocaa072] [Medline:
32324855]

5. Reeves JJ, Hollandsworth HM, Torriani FJ, Taplitz R, Abeles S, Tai-Seale M, et al. Rapid response to COVID-19: health
informatics support for outbreak management in an academic health system. JAm Med Inform Assoc. 2020;27(6):853-859.
[FREE Full text] [doi: 10.1093/jamia/ocaa037] [Medline: 32208481]

6. BoonstraA, Verduis A, Vos JFJ. Implementing electronic health records in hospitals: a systematic literature review. BMC
Health Serv Res. 2014;14(1):370. [FREE Full text] [doi: 10.1186/1472-6963-14-370] [Medline: 25190184]

7. AdaneK, Gizachew M, Kendie S. Therole of medical datain efficient patient care delivery: areview. Risk Manag Healthc
Policy. 2019;12:67-73. [FREE Full text] [doi: 10.2147/RMHP.S179259] [Medline: 31114410Q]

8.  Menachemi N, Collum TH. Benefits and drawbacks of electronic health record systems. Risk Manag Healthc Policy.
2011;4:47-55. [FREE Full text] [doi: 10.2147/RMHP.S12985] [Medline; 22312227]

9.  Hodgson T, Burton-Jones A, Donovan R, Sullivan C. Therole of electronic medical recordsin reducing unwarranted clinical
variation in acute health care: systematic review. IMIR Med Inform. 2021;9(11):e30432. [FREE Full text] [doi:
10.2196/30432] [Medline: 34787585]

10. Li R, NiuY, Scott SR, Zhou C, Lan L, Liang Z, et a. Using electronic medical record data for research in a Healthcare
Information and Management Systems Society (HIMSS) analytics Electronic Medical Record Adoption Model (EMRAM)
stage 7 hospital in Beijing: cross-sectiona study. IMIR Med Inform. 2021;9(8):e24405. [ FREE Full text] [doi: 10.2196/24405]
[Medline: 34342589]

https://www.jmir.org/2024/1/e42140 JMed Internet Res 2024 | vol. 26 | e42140 | p. 9

(page number not for citation purposes)


https://jmir.org/api/download?alt_name=jmir_v26i1e42140_app1.docx&filename=c31e3c95331b5d50c16785001c145e03.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e42140_app1.docx&filename=c31e3c95331b5d50c16785001c145e03.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e42140_app2.docx&filename=bf314995049e83e433816bfa5a3a52a8.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e42140_app2.docx&filename=bf314995049e83e433816bfa5a3a52a8.docx
https://www.wjgnet.com/2307-8960/full/v10/i8/2363.htm
http://dx.doi.org/10.12998/wjcc.v10.i8.2363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35434056&dopt=Abstract
http://www.thieme-connect.com/DOI/DOI?10.15265/IYS-2016-s006
http://dx.doi.org/10.15265/IYS-2016-s006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27199197&dopt=Abstract
https://europepmc.org/abstract/MED/33150128
http://dx.doi.org/10.5334/gh.852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33150128&dopt=Abstract
https://europepmc.org/abstract/MED/32324855
http://dx.doi.org/10.1093/jamia/ocaa072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32324855&dopt=Abstract
https://europepmc.org/abstract/MED/32208481
http://dx.doi.org/10.1093/jamia/ocaa037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32208481&dopt=Abstract
https://bmchealthservres.biomedcentral.com/articles/10.1186/1472-6963-14-370
http://dx.doi.org/10.1186/1472-6963-14-370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25190184&dopt=Abstract
https://europepmc.org/abstract/MED/31114410
http://dx.doi.org/10.2147/RMHP.S179259
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31114410&dopt=Abstract
https://europepmc.org/abstract/MED/22312227
http://dx.doi.org/10.2147/RMHP.S12985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22312227&dopt=Abstract
https://medinform.jmir.org/2021/11/e30432/
http://dx.doi.org/10.2196/30432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34787585&dopt=Abstract
https://medinform.jmir.org/2021/8/e24405/
http://dx.doi.org/10.2196/24405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34342589&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Kwon et &

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

SeinoY, Sato N, Idel M, NomuraT. The reduction in medical errors on implementing an intensive care information system
in asetting where ahospital electronic medical record system isalready in use: retrospective analysis. IMIR Perioper Med.
2022;5(1):€39782. [FREE Full text] [doi: 10.2196/39782] [Medline: 35964333]

Karliner J, Slotterback S, Boyd R, Ashby B, Steele K, Wang J. Health care’s climate footprint: the health sector contribution
and opportunities for action. Eur J Public Health. 2019;30(Supplement_5):ckaal65.843. [FREE Full text] [doi:
10.1093/eurpub/ckaal65.843]

Parasrampuria S, Henry J. Hospitals' use of electronic health records data, 2015-2017. ONC Data Brief. 2019;46:1-13.
[FREE Full text] [doi: 10.1201/9781351057790-2]

Rasheed FN, Baddley J, Prabhakaran P, De Barros EF, Reddy KS, Vianna NA, et a. Decarbonising healthcare in low and
middle income countries: potential pathways to net zero emissions. BMJ. 2021;375:n1284. [EREE Full text] [doi:
10.1136/bmj.n1284] [Medline: 34753746]

Haripriya A, Chang DF, Ravindran RD. Endophthal mitis reduction with intracameral moxifloxacin prophylaxis: analysis
of 600 000 surgeries. Ophthalmology. 2017;124(6):768-775. [FREE Full text] [doi: 10.1016/j.0phtha.2017.01.026] [Medline:
28214101]

LeHG, Ehrlich JR, Venkatesh R, Srinivasan A, Kolli A, HaripriyaA, et a. A sustainable model for delivering high-quality,
efficient cataract surgery in Southern India. Health Aff (Millwood). 2016;35(10):1783-1790. [FREE Full text] [doi:
10.1377/hithaff.2016.0562] [Medline: 27702949]

Venkatesh R, van Landingham SW, Khodifad AM, HaripriyaA, Thiel CL, Ramulu P, et al. Carbon footprint and
cost-effectiveness of cataract surgery. Curr Opin Ophthalmol. 2016;27(1):82-88. [FREE Full text] [doi:
10.1097/1CU.0000000000000228] [Medline: 26569528]

Thiel CL, Schehlein E, RavillaT, Ravindran RD, Robin AL, Saeedi OJ, et al. Cataract surgery and environmental
sustainability: waste and lifecycle assessment of phacoemulsification at a private healthcare facility. J Cataract Refract
Surg. 2017;43(11):1391-1398. [FREE Full text] [doi: 10.1016/j.jcrs.2017.08.017] [Medline: 29223227]

Drew J, Christie SD, Tyedmers P, Smith-Forrester J, Rainham D. Operating in aclimate crisis: a state-of -the-science review
of life cycle assessment within surgical and anesthetic care. Environ Health Perspect. 2021;129(7):76001. [FREE Full text]
[doi: 10.1289/EHP8666] [Medline: 34251875]

Sherman JD, MacNeill A, Thiel C. Reducing pollution from the health care industry. JAMA. 2019;322(11):1043-1044.
[doi: 10.1001/jama.2019.10823] [Medline: 31373600]

I SO 14040:2006: Environmental management: Life cycle assessment: Principles and framework. International Organization
for Standardization. 2006. URL : https://www.iso.org/standard/37456.html [accessed 2023-12-08]

Robbins K. Wood pencil carbon life cycle. Prezi. 2014. URL: https://prezi.com/rtOti5r55vvd/
carbon-life-cycle-of-a-wood-pencil/ [accessed 2023-12-08]

It'sjust apen, right? Ethical Stationery. 2019. URL : https://ethical stationery.com/its-just-a-pen-right/ [accessed 2023-12-08]
Lifecycleanaysisof wooden pencil. portfolium.com. URL : https://portfolium.com/entry/life-cycle-analysis-of -wooden-pencil
[accessed 2023-12-08]

Yu J, Williams E, Ju M, Yang Y. Forecasting global generation of obsolete personal computers. Environ Sci Technal.
2010;44(9):3232-3237. [doi: 10.1021/es903350q] [Medline: 20302363]

Babhitt CW, Kahhat R, Williams E, Babbitt GA. Evolution of product lifespan and implicationsfor environmental assessment
and management: a case study of personal computersin higher education. Environ Sci Technol. 2009;43(13):5106-5112.
[FREE Full text] [doi: 10.1021/es803568p] [Medline: 19673314]

Papiewski J. What isthe life span of alaser printer? ItStillWorks. 2019. URL : https.//yourbusi ness.azcentral.com/
life-span-laser-printer-11859.html [accessed 2023-12-08]

How much isthe life of a WiFi router device? Quora. 2023. URL: https.//www.quora.com/

How-much-is-the-life-of -a-WiFi-router-device [accessed 2023-12-08]

Fakhredin F, Huisman J. Analyzing end of life LCD TV WEEE flowsin Europe. Presented at: Proceedings of EcoDesign
2013 International Symposium; 2013, 2013; gju Island, South Korea.

Corio A. Five years of 100% renewable energy—and alook ahead to a 24/7 carbon-free future. Google Cloud. 2022. URL:
https://cloud.googl e.com/bl og/topi cs/sustai nability/5-years-of - 100-percent-renewable-energy [accessed 2023-12-08]

L CA software for informed changemakers. SimaPro. 2022. URL: https://simapro.com/ [accessed 2023-12-13]
Frischknecht R, Jungbluth N, Althaus HJ, Doka G, Dones R, Heck T, et al. The ecoinvent database: overview and
methodological framework (7 pp). Int J Life Cycle Assessment. 2004;10(1):3-9. [FREE Full text] [doi:
10.1065/1ca2004.10.181.1]

BareJ. TRACI 2.0: thetool for the reduction and assessment of chemical and other environmental impacts 2.0. Clean Techn
Environ Policy. 2011;13(5):687-696. [FREE Full text] [doi: 10.1007/s10098-010-0338-9]

Cockayne J, Huerta E, Burcu O. The energy of freedom'? Solar Energy, Modern Slavery and the Just Transition. 2022.
URL: https://www.thebriti shacademy.ac.uk/documents/4338/Just-transitions-energy-freedom1.pdf [accessed 2023-12-08]
Garcia G, Crenner C. Comparing international experiences with electronic health records among emergency medicine
physiciansinthe United States and Norway: semistructured interview study. JIMIR Hum Factors. 2022;9(1):e28762. [FREE
Full text] [doi: 10.2196/28762] [Medline: 34994702]

https://www.jmir.org/2024/1/e42140 JMed Internet Res 2024 | vol. 26 | e42140 | p. 10

(page number not for citation purposes)


https://periop.jmir.org/2022/1/e39782/
http://dx.doi.org/10.2196/39782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35964333&dopt=Abstract
https://academic.oup.com/eurpub/article/30/Supplement_5/ckaa165.843/5914601?login=false
http://dx.doi.org/10.1093/eurpub/ckaa165.843
https://www.healthit.gov/sites/default/files/page/2019-04/AHAEHRUseDataBrief.pdf
http://dx.doi.org/10.1201/9781351057790-2
http://www.bmj.com/lookup/pmidlookup?view=long&pmid=34753746
http://dx.doi.org/10.1136/bmj.n1284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34753746&dopt=Abstract
https://www.aaojournal.org/article/S0161-6420(16)30790-4/fulltext
http://dx.doi.org/10.1016/j.ophtha.2017.01.026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28214101&dopt=Abstract
https://www.healthaffairs.org/doi/10.1377/hlthaff.2016.0562
http://dx.doi.org/10.1377/hlthaff.2016.0562
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27702949&dopt=Abstract
https://journals.lww.com/co-ophthalmology/abstract/2016/01000/carbon_footprint_and_cost_effectiveness_of.13.aspx
http://dx.doi.org/10.1097/ICU.0000000000000228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26569528&dopt=Abstract
https://europepmc.org/abstract/MED/29223227
http://dx.doi.org/10.1016/j.jcrs.2017.08.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29223227&dopt=Abstract
https://ehp.niehs.nih.gov/doi/10.1289/EHP8666?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1289/EHP8666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34251875&dopt=Abstract
http://dx.doi.org/10.1001/jama.2019.10823
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31373600&dopt=Abstract
https://www.iso.org/standard/37456.html
https://prezi.com/rt0ti5r55vvd/carbon-life-cycle-of-a-wood-pencil/
https://prezi.com/rt0ti5r55vvd/carbon-life-cycle-of-a-wood-pencil/
https://ethicalstationery.com/its-just-a-pen-right/
https://portfolium.com/entry/life-cycle-analysis-of-wooden-pencil
http://dx.doi.org/10.1021/es903350q
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20302363&dopt=Abstract
https://pubs.acs.org/doi/10.1021/es803568p
http://dx.doi.org/10.1021/es803568p
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19673314&dopt=Abstract
https://yourbusiness.azcentral.com/life-span-laser-printer-11859.html
https://yourbusiness.azcentral.com/life-span-laser-printer-11859.html
https://www.quora.com/How-much-is-the-life-of-a-WiFi-router-device
https://www.quora.com/How-much-is-the-life-of-a-WiFi-router-device
https://cloud.google.com/blog/topics/sustainability/5-years-of-100-percent-renewable-energy
https://simapro.com/
https://link.springer.com/article/10.1065/lca2004.10.181.1
http://dx.doi.org/10.1065/lca2004.10.181.1
https://link.springer.com/article/10.1007/s10098-010-0338-9
http://dx.doi.org/10.1007/s10098-010-0338-9
https://www.thebritishacademy.ac.uk/documents/4338/Just-transitions-energy-freedom1.pdf
https://humanfactors.jmir.org/2022/1/e28762/
https://humanfactors.jmir.org/2022/1/e28762/
http://dx.doi.org/10.2196/28762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34994702&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Kwon et &

36. ShermanJD, Thiel C, MacNeill A, Eckelman MJ, Dubrow R, Hopf H, et al. The green print: advancement of environmental
sustainability in healthcare. Resour Conserv Recycl. 2020;161:104882. [FREE Full text] [doi:
10.1016/j.resconrec.2020.104882]

37. Kerwin TC, Leighton H, Buch K, Avezbadalov A, Kianfar H. The effect of adoption of an electronic health record on
duplicatetesting. Cardiol ResPract. 2016;2016:1950191. [ FREE Full text] [doi: 10.1155/2016/1950191] [Medline: 27088033]

38. Turley M, Porter C, Garrido T, Gerwig K, Young S, Radler L, et al. Use of electronic health records can improve the health
careindustry's environmental footprint. Health Aff (Millwood). 2011;30(5):938-946. [FREE Full text] [doi:
10.1377/hithaff.2010.1215] [Medline: 21555478]

39. Purohit A, Smith J, Hibble A. Does telemedicine reduce the carbon footprint of healthcare? A systematic review. Future
Healthc J. 2021;8(1):e85-€91. [FREE Full text] [doi: 10.7861/fhj.2020-0080] [Medline: 33791483]

40. Donald N, Irukulla S. Greenhouse gas emission savingsin relation to telemedicine and associated patient benefits: a
systematic review. Telemed J E Health. 2022;28(11):1555-1563. [doi: 10.1089/tmj.2022.0047] [Medline: 35446668]

Abbreviations

CO2e: carbon dioxide equivalents

EMR: electronic medical record

GHG: greenhouse gas

ISO: International Organization for Standardization

LCA: lifecycle assessment

LCI: lifecycleinventory

LCIA: lifecycleimpact assessment

LMICs: low- and middle-income countryies

MCA: Monte Carlo assessment

TRACI: Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts

Edited by A Mavragani; submitted 13.09.22; peer-reviewed by M Jones, P Han; commentsto author 16.02.23; revised version received
22.03.23; accepted 19.04.23; published 06.02.24

Please cite as:

Kwon C, Essayel L, Spencer M, Etheridge T, Venkatesh R, Vengadesan N, Thiel CL

The Environmental Impacts of Electronic Medical Records Versus Paper Records at a Large Eye Hospital in India: Life Cycle
Assessment Sudy

J Med Internet Res 2024, 26:e42140

URL: https://mww.jmir.org/2024/1/e42140

doi: 10.2196/42140

PMID:

©Cordelia Kwon, Lernik Essayei, Michael Spencer, Tom Etheridge, Rengarg] Venkatesh, Natrajan Vengadesan, Cassandra L
Thiel. Originally published in the Journal of Medical Internet Research (https:.//www.jmir.org), 06.02.2024. Thisisan open-access
article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the origina work, first published in the
Journal of Medical Internet Research, is properly cited. The complete bibliographic information, alink to the original publication
on https://www.jmir.org/, as well as this copyright and license information must be included.

https://www.jmir.org/2024/1/e42140 JMed Internet Res 2024 | vol. 26 | e42140 | p. 11
(page number not for citation purposes)

RenderX


https://doi.org/10.1016/j.resconrec.2020.104882
http://dx.doi.org/10.1016/j.resconrec.2020.104882
https://doi.org/10.1155/2016/1950191
http://dx.doi.org/10.1155/2016/1950191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27088033&dopt=Abstract
https://www.healthaffairs.org/doi/10.1377/hlthaff.2010.1215
http://dx.doi.org/10.1377/hlthaff.2010.1215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21555478&dopt=Abstract
https://europepmc.org/abstract/MED/33791483
http://dx.doi.org/10.7861/fhj.2020-0080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33791483&dopt=Abstract
http://dx.doi.org/10.1089/tmj.2022.0047
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35446668&dopt=Abstract
https://www.jmir.org/2024/1/e42140
http://dx.doi.org/10.2196/42140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

