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Background Since October 2023, the war in Gaza has produced a massive Palestinian civilian injury burden and
created a large need for reconstructive surgery. It has also crippled an already fragile healthcare system and reduced
its capacity to provide reconstructive care. Effective planning to address this gap requires a consensus on the volume https/doi.org/10.
and pattern of injuries, and the ability to forecast future injuries. However, acquiring accurate granular data is |, ¢ Jj.eclinm 2026,
challenging in conflict settings. This study computationally estimates and characterizes injuries in Gaza to serveasa 13797
comparison to reported figures, forecast future injuries, and aid in planning to meet reconstructive needs.

Methods A multivariate negative binomial regression model was built using attack data, geospatial mapping, dy-
namic population density estimates and evolving infrastructure classifications from humanitarian, governmental,
and media sources. The model was trained on data from October 2023-March 2024, validated in April 2024, and
tested from May 2024-May 2025. The primary outcome was daily injury counts in Gaza, modeled as a function of
attack counts, attack types, population density, infrastructure, and geographically moving areas of conflict. Forecasts
through May 2026 were generated under varying trajectories of conflict intensity.

Findings For October 7th, 2023-May 1st, 2025, our model predicted 116,020 injuries (10% sensitivity analysis:
108,000-129,000), aligning with the 118,014 reported by the Gaza Ministry of Health (MoH). Injuries were greatest
in air and shelling attacks, during periods of actively moving conflict, and in densely populated areas, especially in
urban settings before and after they were devastated to rubble. Of those injuries, 29,000-46,000 were predicted to
require reconstructive surgery, with over 80% due to explosions, and rising to 34,000-48,000 by May 2026. Model
predictions were correlated with observed outcomes, with Spearman’s p = 0.723 (p = 7.06 x 107>°) in the training set
and p = 0.487 (p = 3.99 x 107 in the testing set. Event rates: 75,982 reported injuries in training period; 2523
injuries in validation period; 41,202 injuries in testing period.

Interpretation To our knowledge this is the first predictive model to forecast the injury burden in Gaza based on
attack characteristics using granular multi-source data. Our findings corroborate figures published by the Gaza MoH
and demonstrate that the burden will continue to grow without cessation of hostilities, further exacerbating
reconstructive surgical need.
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Research in context

Evidence before this study

The escalation of conflict in Gaza since October 2023 has
produced large numbers of civilian injuries. Data from other
modern urban conflicts and reports from within Gaza
suggest that a significant portion of these injuries will require
reconstructive surgery immediately and in the years that
follow. However, data collection is hampered by the
destruction of health facilities, the killing and arrest of health
workers, and blockade-related restrictions on information
flow. As a result, there is uncertainty on the volume of
injuries, minimal data characterizing injury etiology or
patterns, and the scale and nature of reconstructive surgical
needs in Gaza have not been well characterized. We manually
searched PubMed and Embase from database inception to
October 1, 2025 for papers published in English, using terms
such as “Gaza”, “War-Related Injuries”, “Gaza conflict”,
“Israel-Palestine conflict”, “Injury burden”, “Injury pattern”,
“Blast injuries”, "Wounds”, “Explosions”, “Reconstructive
surgery”, “Plastic surgery”, “Surgical capacity”, and more. We
found that there were some papers attempting to analyze
injury patterns in prior global conflicts, but none relating to
the most recent phase of conflict in Gaza. There were some
qualitative characterizations of surgical resource
consumption in conflict settings and assessment of the
specific plastic surgical capacity within the Gaza Strip. There
were no studies attempting to computationally model the
reconstructive burden in Gaza.

Added value of this study

This study is, to our knowledge, the first to use a predictive
model to link attack types and settings with reported injury
counts in Gaza. By incorporating multiple data sources and

Introduction

The Gaza Strip has been a focal point of conflict for
decades and reached a tipping point on October 7, 2023.
Since then, the Israeli government significantly esca-
lated military action in Gaza and intensified the hu-
manitarian crisis through aid blockades, the killing of
civilians, and the destruction of infrastructure.'
Approximately 92% of all residential structures were
destroyed by April 2025, and over 90% of the population
has been displaced.” Gaza’s Ministry of Health (MoH)
estimated that as of May 14th, 2025, 52,928 Palestinians
had been killed and 119,846 injured.’ The attacks have
targeted densely populated urban areas and residential
zones, resulting in large numbers of civilian casualties
and injury patterns distinct from those seen in con-
ventional battlefield scenarios.* This has led to an
escalating need for reconstructive surgery including

validating against reported figures from the Gaza Ministry of
Health, the model corroborates reported injury totals,
allocates injuries to specific attack modalities, and forecasts
reconstructive surgical burden under different conflict
scenarios. We estimate that 29,000-46,000 injuries require
reconstructive surgery as of May 2025 and forecast that to
increase to 34,000-68,000 by May 2026 if hostilities
continue. We predict that as of May 2025, 80% of injuries
were likely due to explosions from air/drone strikes and
shelling attacks, largely in urban settings, both before and
after those areas were destroyed by heavy bombardment. We
forecast that the proportion of injuries from ground attacks
and occurring in camp settings will increase through May
2026. The corroboration of reported injury totals and the
allocation of injuries to attack modalities are the first steps in
planning to meet the growing reconstructive need.

Implications of all the available evidence

Taken together, existing reports and our model suggest that
Gaza faces a massive and growing reconstructive burden that
far outstrips current capacity. The reported injury count by
the Gaza Ministry of Health likely accurately represents the
overall volume of injuries, and the injuries needing
reconstruction are likely compound and complex in nature
given their predicted etiologies. Without a significant
increase in reconstructive capacity in the region through a
combination of aid, training programs, and rebuilding of
healthcare infrastructure, tens of thousands of patients will
remain with surgically addressable disability. Quantitative
tools such as ours can help guide response planning, but the
most urgent need remains an end to attacks on civilians and
healthcare infrastructure.

complex soft tissue wound management, limb salvage,
craniofacial reconstruction, and burn reconstruction.
Meeting this reconstructive need requires a healthcare
system equipped to provide specialized reconstructive
care, including plastic and reconstructive surgeons,
specific infrastructure and equipment, and adjunctive
rehabilitation services.’

Despite this need, the healthcare system in Gaza
faces a severe shortage of reconstructive capacity. Prior
to conflict escalation, there were only eight board-
certified plastic and reconstructive surgeons and no
plastic and reconstructive surgery training programs.®
Existing limitations in access to care have been wors-
ened through the destruction of healthcare facilities and
the killing and arrest of medical personnel.” Nearly all
hospitals in Gaza have been targeted by Israeli attacks,
only 12 of the 36 are now capable of providing care
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beyond basic emergency care, and approximately 2000
hospital beds remain for a population larger than 2
million.* Given that only a handful of reconstructive
surgeons have been able to enter Gaza, and most only
intermittently, the need for reconstructive surgery re-
mains largely unmet. Over time, the backlog of patients
needing reconstructive care continues to grow, and as
time between injury and reconstruction grows longer,
the complexity of the required surgeries increase.

Advanced planning to address the growing gap be-
tween conflict-related reconstructive surgical need and
the capacity to provide it is prudent, but it requires
understanding the nuances of injury patterns and vol-
umes. For example, there is a significant difference in
the resources required to treat a traumatic craniofacial
injury, a burn contracture of the hand, or a complex
fracture of the ankle. Other modern conflicts, such as
those in Yemen and Syria, have also experienced a large
civilian morbidity and reconstructive burden with a
paucity of data to help guide planning for reconstructive
efforts. However, the paucity of data to guide planning
is especially bad in Gaza given the systematic destruc-
tion of infrastructure and the blockades on information
and people.* !

Available insight is largely due to the Gaza Ministry
of Health, which has continued to provide updates on
injuries and mortality. This is despite medical in-
stitutions suffering from the same dangerous condi-
tions as the remainder of the civilian population, and
data collection being of secondary importance in a non-
stop, high-intensity triage scenario. Independent
analysis has shown the mortality numbers are not
overestimates or inflated.”” However, while mortality
estimates have been independently validated in multi-
ple analyses, injury counts, especially the proportion
that will require reconstructive surgery, remain largely
unquantified and unvalidated.

This study predicted traumatic injuries in Gaza
through a computational, attack-level model incorpo-
rating multiple data sources to compare against re-
ported injuries and estimate the growing need for
reconstructive surgery. We hypothesized that the
largest drivers of daily injuries would be explosive at-
tacks (air and shelling) in densely populated settings
during periods of geographically shifting conflict. The
model was designed to link attack characteristics and
modalities with injuries, a critical step in understand-
ing the developing burden of reconstructive surgery.
These variations influence not only the volume and
severity of injuries, but also the patterns of injury and
the required types of reconstruction. However, no
existing studies have analyzed this relationship in the
war in Gaza. In addition, since future developments of
the conflict remain unclear, the model is intended to be
able to forecast the reconstructive burden across mul-
tiple possible conflict scenarios. It can be used if cur-
rent mechanisms of tabulating injuries are disrupted,
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and its methodology can be applied to other conflicts
with a heavy civilian injury burden. Ultimately, the
findings can optimize planning for response efforts and
demonstrate the necessity of establishing sustainable,
long-term surgical and rehabilitative capacities.

Methods

Ethics statement

All work was completed with IRB approval from the
Helsinki Ethics Committee of the Palestinian Health
Research Council (PHRC/HC/1734/24) and the Duke
University School of Medicine (IRB 00116798). As all
data was publicly available online, informed consent
was not required.

Data collection and variable creation

Injury volume

Injury volume at the daily level for the entirety of Gaza
was extracted from reports by the United Nations (UN)
Office for the Coordination of Humanitarian Affairs
(OCHA), which incorporates data from the Gaza
MoH."”

Attack location, type, and volume

Attack data were extracted from the Armed Conflict
Location & Event Data (ACLED) database, which has
been used to study other conflicts."*** This independent
database draws data from local news, reports from
neighboring countries, media agencies, local partners,
and social media. Each individual attack in the database
is recorded after being verified by multiple independent
sources. The mechanism of attack was classified into
air/drone strikes, shelling attacks, ground attacks, and
civil unrest (Supplementary Table S1).

Geospatial analysis

The 20 most populous municipalities in Gaza as of
September 2023 were identified based on data from the
Palestinian Central Bureau of Statistics (PCBS). Attacks
were assigned to municipalities based on ACLED
coordinates.

Population density was initially classified as High
(>20,000/km?), Medium (5000-20,000/km?), or Low
(<5000/km?) based on September 2023 PCBS data.’
Periodic reports by the OCHA included updated pop-
ulation densities at the municipality level from internal
displacement, and these were used to reclassify each
municipality.” For months without OCHA reports,
changes in population density were interpolated using
information from news outlets and Palestinian gov-
ernment reports.

Each municipality was classified as an urban, sub-
urban, rural, rubble, or refugee tent/camp setting.
Municipalities were initially classified as urban or
suburban based on PCBS data at the start of the con-
flict. They were then reclassified as rubble if the
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municipality met any of the following criteria: >50% of
the area had “dense” damage per United Nations Sat-
ellite Centre (UNOSAT) damage reports, visual in-
spection of Copernicus Sentinel-2 satellite imagery of
the municipality showed >50% of the area with building
damage, or qualitative news reports covering the area
described >50% of buildings damaged.'®"> Municipal-
ities were classified as tent/camp settings if they were
an official refugee camp recognized by the UN Relief
and Works Agency for Palestine Refugees (UNRWA) or
had developed significant tent encampments. Specif-
ically, the UNRWA defines a camp as “a plot of land
placed at the disposal of UNRWA by the host govern-
ment to accommodate Palestine refugees and set up
facilities to cater to their needs.”* Attacks outside of the
20 most populous municipalities and tent/camps were
defined as occurring in a low population density area
and a rural setting.

Two team members independently assessed each
month’s population density and infrastructure classifi-
cation, and if there was a disagreement, a third team
member acted as the deciding vote on classification.

The methodology of classification for each munici-
pality’s population density and infrastructure is pre-
sented in Supplementary Figure S1.

To capture periods when the geographic focus of
fighting was rapidly shifting (denoted as an ‘actively
moving front’), attack coordinates for each day
(rounded to 0.001°, ~111 m) were compared with the
prior day. Days with >90th percentile of attacks in new
locations (based on training data ranking) were classi-
fied as having an actively moving front.

Statistical analysis

The analysis followed a prespecified workflow, begin-
ning with data aggregation, data pre-processing, and
model training with feature selection, fitting, and cali-
bration. This was followed by model evaluation and
scenario forecasting. All analysis was performed in
Python (version 3.12.2). All related code for each step in
the workflow is available at https://github.com/Bass-
Connections-Recon/Bass-Data-Sets.

Data aggregation included tallying total daily injury
counts in Gaza as the outcome dependent variable.
When injury data was not available at the daily level,
cumulative injury data from weekly reports was inter-
polated to estimate daily injuries. Each attack was geo-
spatially assigned to a municipality and thus given a
population density and infrastructure classification
based on the date of attack. The attack data was
considered to be complete without missing data points,
and no imputation was performed. Attack counts for
each type of attack in each day were aggregated at the
population density and infrastructure level, e.g. Shel-
ling_HighPopulation Density_UrbanInfrastructure. ~ The
date was classified as having an actively moving front if
appropriate per previously mentioned criteria. The data

was separated into a training set (October 7th,
2023-March 31st, 2024), a validation set (April
1st-30th, 2024), and a testing set (May 1st, 2024-May
1st, 2025). The validation and testing sets were
completely removed from model creation. These date
ranges were chosen to provide the model with sufficient
data for training purposes, while allowing it to be tested
on multiple phases of escalating and de-escalating
conflict throughout 2024 and 2025.

Data preprocessing included removal of low-
frequency predictors (<1/week), standardization of all
covariates, and exclusion of highly collinear variables us-
ing a variance inflation factor (VIF) threshold of 10.
Interaction terms were generated to account for the
presence of a moving front, i.e. Shelling_ HighPopulation
Density_UrbanInfrastructure * MovingFront.

Feature selection was performed using LASSO (L1-
regularized) regression with non-negative coefficient
constraints to identify a reduced set of predictive var-
iables. Model fitting was performed using a multivar-
iate negative binomial regression with an L2
regularization penalty to reduce overfitting and stabi-
lize coefficient estimates across retained predictors.
The predicted outcome variable from the model was
total daily injuries in Gaza. The percentage of injuries
requiring reconstruction was estimated as 25-40%
utilizing prior WHO reports and analysis of operative
case logs from senior authors who had spent time in
Gaza.”! A negative binomial regression was chosen
due to substantial overdispersion in daily injury
counts, reducing the appropriateness of a Poisson
model. Time-series and machine-learning models
were also considered but ultimately not used, as they
were less suited to attributing injuries to attack char-
acteristics, conducting scenario-based forecasting, and
transparent interpretation. The model did not include
time trends or autoregressive terms. The contribution
of each variable to the model is presented as its coef-
ficient (f), and an expected percentage increase in in-
juries per one-standard deviation increase in attacks of
that type, calculated by exponentiating model
coefficients.

Model calibration was performed using the holdout
validation dataset. This was used to apply an additive
calibration to model predictions, calculated as the mean
difference between observed and predicted values on
the validation set, and the difference was applied as an
additive offset to test-set predictions.

The model was tested on the reserved testing data
set, and the brief periods with official cease-fires were
modeled as having no injuries related to attacks.
Sensitivity analysis was performed by perturbing all
independent variables by (+)10% and utilizing the up-
per and lower 95% confidence interval (CI) bounds for
model prediction. Attribution of injuries to attack type
and setting was done by converting scaled coefficients
to the raw scale (B = fi/oi; Po™" = Bo — ZHi™W i), and
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then calculating each variable’s proportional contribu-
tion to the linear predictor (ni = fo™W + Z P xj) based
on the number of attacks of each type and setting for
each day.

Model evaluation was performed qualitatively by its
concordance with reported injuries during the testing
period and alignment with known events. Quantitative
performance was evaluated by the Spearman’s rank
correlation coefficient, root mean squared error
(RMSE), mean absolute error (MAE), and assessment
of the residuals.

Scenario forecasting

The calibrated and evaluated model was then used to
forecast injuries for twelve months after the test data
range (May 2025-May 2026) in varying scenarios of
conflict evolution. Attack counts by type, setting, and
population density were averaged over the most recent
3 months of testing data (February 1, 2025-April 30,
2025) and used to represent the current baseline. Sce-
narios were modeled as follows: (1) an air attack esca-
lation scenario with a 100% increase in air/drone
strikes and shelling attacks for a 6 month period with
an actively moving front followed by restoration to
current baseline; (2) a ground attack escalation scenario
with a 100% increase in ground attacks over a 6 month
period with an actively moving front followed by
restoration to current baseline; (3) a continuation of the
current baseline for 12 months, and (4) a conflict
de-escalation scenario with a 25% reduction in attack
volume for 12 months. Population densities and infra-
structure classifications for each municipality were held
constant.

Role of the funding source

Funding for this research was provided by Bass Con-
nections at Duke University. The funding source had
no role in study design, in the collection, analysis, or
interpretation of data, nor in the writing of the report or
decision to submit the paper for publication.

Results

Overview of independent variables

The training period included 7297 attacks and 75,982
reported injuries. The validation period included 939
attacks and 2523 injuries. The testing period included
11,490 attacks and 41,202 reported injuries. Attack
counts varied temporally with an expected reduction
during the ceasefire, and geographically, with shifting
foci on a month-to-month basis (Figs. 1 and 2). The
most common attack mechanism was air/drone strikes
(48%)  followed Dby shelling attacks (35%)
(Supplementary Figure S2). Population density over the
course of the conflict was modeled as shifting away
from Northern Gaza, concentrating in the South, and
then re-dispersing periodically as additional evacuation
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orders were enforced and new areas of conflict
emerged. As the war escalated, an increasing percent-
age of municipalities were classified as rubble or tents/
camps (Fig. 3). Geospatial analysis of attack data high-
lighted intermittent phases with an actively moving
front, with two notable peaks. The first was at the onset
of the conflict, and the second was following dissolution
of the ceasefire (Fig. 4).

Overview of model

Table 1 outlines the fitted negative binomial model after
L2 regularization (pseudo-R* = 0.47). The validation
process applied additive calibration of —121.11. Injuries
were most heavily driven by air/drone strikes and
shelling attacks. Attacks were associated with higher
injury counts as population density increased. A
one-standard deviation increase in attacks in urban,
suburban and rubble locations tended to result in more
injuries than camps or rural settings. Air attacks in
urban areas were associated with the largest increase in
injuries (B = 0.34, +40.4% injuries, p < 0.01), with less
injuries in suburban areas with a high (8 =0.11, +11.5%
injuries, p < 0.01) or medium population density
(B = 0.08, +8.0% injuries, p < 0.01). Shelling attacks in
high-density population areas were also associated with
a large increase in injuries (f = 0.21, +23.7% injuries,
p < 0.01), followed by medium-density (B = 0.09, +9.7%
injuries, p < 0.01) and low-density areas
(B =0.07, +7.0% injuries, p < 0.01). An actively moving
front increased the number of injuries in air, shelling,
and ground attacks, with the largest impact on ground
attacks in urban areas (B = 0.10, +10.7% injuries,
p < 0.01).

Model prediction and performance

The model predicted 116,020 cumulative injuries be-
tween October 7, 2023 and April 30, 2025 (10% sensi-
tivity analysis: 108,000-129,000), compared to the
reported 118,014 cumulative injuries, with 29,000—
46,000 of these injuries requiring reconstructive sur-
gery (Fig. 5).

Model predictions were significantly correlated with
observed outcomes, with Spearman’s p = 0.723
(p = 7.06 x 107% in the training set and p = 0.487
(p = 3.99 x 107*%) in the testing set. A 14-day rolling
average analysis revealed temporal fluctuations in per-
formance, but no clear trend toward degradation
(Supplementary Figure S3). Model error was moderate
relative to the large scale of injuries, with RMSE = 85.2
and MAE = 54.7. Residuals appeared randomly
distributed, showing no evidence of systematic bias or
temporal drift (Supplementary Figure S4).

Scenario analysis

Under the status quo scenario we forecasted 46,000
additional injuries by May 2026. This increased to
50,000 additional injuries in an air surge scenario, and
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Fig. 1: Daily attacks in Gaza from October 2023-May 2025. Daily total attacks with 14-day moving average, extracted from Armed Conflict
Location & Event Data (ACLED) database.”

to 53,000 additional injuries in a ground surge scenario. ~ 25% reduction in attacks, we still forecasted an addi-
These scenarios result in an additional 5000-22,000  tional 20,000 injuries (Fig. 6). Compared with the daily
injuries requiring reconstructive surgery. Even with a injury rate under the status quo, an air surge and

Attacks in Gaza Over Time (Oct 2023 — May 2025)
Oct 2023 - Dec 2023 Jan 2024 — Mar 2024 Apr 2024 - Jun 2024 Jul 2024 - Sep 2024

Oct 2024 - Dec 2024 Jan 2025 - Mar 2025

Number of attacks

[ ) 100

Fig. 2: Geospatial analysis of attacks in Gaza from October 2023-May 2025. Size of circle represents number of attacks during depicted 3-
month window. Of note, attacks beyond the land border of Gaza are offshore attacks. Attack locations are sourced from the Armed Conflict
Location & Event Data (ACLED) database."
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Fig. 3: Population density and infrastructure at the municipality level across Gaza from October 2023-May 2025. (a) Population density by municipality (high:
>20,000 people/km?, medium: 5000-20,000 people/km?, and low: <5000 people/km?) at the start of the training period (October 2023), end of the training period
(April 2024), beginning of ceasefire (January 2025), end of ceasefire (March 2025), and end of testing period (May 2025). (b) Infrastructure classified at the municipality

level depicted at the same time points as panel (a).

ground surge were associated with a 12.7% and 30.8%
increase in daily injuries respectively.

Distribution of injuries by etiology

From model predictions, as of May 2025, 81% of in-
juries were attributed to explosions (57% attributed to
air or drone strikes and 24% to shelling), with the
remaining 19% attributed to ground attacks (Fig. 7).
The proportion of injuries due to ground attacks by May
2026 was forecasted to grow to 33% and 40% in the
status quo and ground surge scenarios, driven by a
higher percentage of ground attacks in the last three
months of testing data. As of May 2025, 53% of injuries

Identification of periods with an actively moving front

__ Threshold defining an actively
moving front (90th percentile = 35.1%)

60% -

Percentage of attacks in new locations
(14-day rolling average)

TRAINING VALIDATION

2023-11 2024-01 2024-03 2024-05

2024-07

from air and drone attacks were in urban or suburban
areas. In the forecasted air surge scenario, injuries
secondary to air and drone strikes were expected to rise
by 27,000, but this was largely driven by injuries in
camp settings, increasing the proportion of airstrike
injuries in camps from 37% to 51%.

Discussion

To our knowledge, this is the first model to predict
injury burden in Gaza during the ongoing humanitar-
ian crisis based on specific attack characteristics, with
strong model performance over 12 months of testing

TESTING

2024-09 2024-11 2025-01 2025-03 2025-05

Date

Fig. 4: Geospatial analysis to identify periods of an actively moving front. Percentage of attacks in new locations (defined by coordinates
rounded to 0.001°, ~111 m x 111 m grid). Periods with an actively moving front were defined as having percentage of attacks in new
locations at or above the 90th percentile (based on training data), corresponding to > 35.1% of attacks being in a new area relative to the

prior day.
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Variable Coefficient (f) Expected % increase Standard p-value 95% confidence
in injuries per 1 error (SE) interval
standard deviation
increase in attacks
Constant 5.8907 NA 0.0042 <0.0001 [5.8825, 5.899]
Air and drone strikes Medium population density, urban 0.3394 40.4% 0.0058 <0.0001 [0.328, 0.3508]
High population density, suburban 0.1085 11.5% 0.0047 <0.0001 [0.0994, 0.1176]
High population density, rubble 0.0772 8.0% 0.0057 <0.0001 [0.066, 0.0884]
Medium population density, suburban 0.0768 8.0% 0.0047 <0.0001 [0.0676, 0.0861]
Medium population density, camp 0.0453 4.6% 0.0052 <0.0001 [0.0351, 0.0555]
High population density, camp 0.0138 1.4% 0.0042 0.0009 [0.0057, 0.022]
Moving front x Low population density, suburban 0.0336 3.4% 0.0032 <0.0001 [0.0273, 0.0398]
Moving front x Medium population density, camp 0.0114 11% 0.0049 0.0212 [0.0017, 0.021]
Ground attacks Medium population density, rubble 0.0888 9.3% 0.0039 <0.0001 [0.0812, 0.0964]
Moving front x Medium population density, urban 0.1016 10.7% 0.0024 <0.0001 [0.0969, 0.1064]
Shelling attacks High population density, rubble 0.2129 23.7% 0.0072 <0.0001 [0.1987, 0.227]
Medium population density, urban area 0.0926 9.7% 0.0044 <0.0001 [0.084, 0.1013]
Low population density, urban 0.0662 6.8% 0.0054 <0.0001 [0.0557, 0.0767]
Moving front x High population density, rubble 0.0393 4.0% 0.0032 <0.0001 [0.033, 0.0456]
Low incidence attack types (<1 attack/week) and highly correlated variables (variance inflation factor >10) excluded from model fitting, least absolute shrinkage and selection operator (LASSO) used for
feature identification, and L2 regularization used for fitting. Expected percentage increases were calculated by exponentiating model coefficients. Percentage increases for main effect variables reflect
one-standard deviation increases in the variable, while interaction terms represent conditional multiplicative effects beyond the corresponding main effects.
Table 1: Model trained data from October 7, 2023-March 31, 2024 (7297 attacks and 75,982 reported injuries), validated on data from April 1-30, 2024 (939 attacks and 2523
injuries), and tested on data not incorporated in model creation from May 1, 2024-May 1, 2025 (11,490 attacks and 41,202 reported injuries).

data. We estimate 108,000-127,000 injuries attributable
to attacks from October 2023 to May 2025, in line with
the approximately 118,000 injuries reported by OCHA
and the Gaza MoH for that period. Under forecasted
escalation scenarios there could be an additional
46,000-53,000 injuries by May 2026. Even with conflict
de-escalation and a 25% reduction in attacks, an addi-
tional 20,000 injuries could still occur. We estimate that
approximately 29,000-46,000 of the injuries that have
occurred from October 2023-May 2025 require some
form of reconstructive surgery, and by May 2026 this
could increase to 34,000-68,000. Injuries were highest
in air/drone strikes, shelling attacks, in high
population-density areas, urban and rubble settings,
and during periods with an actively moving front.
During the testing period, i.e. data that the model was
not exposed to during creation, peaks in predicted in-
juries corresponded to major events. The rise in in-
juries during May-June 2024 corresponded with the
Rafah offensive, during which the Israeli Defense Force
conducted an escalating campaign of air attacks and an
eventual ground invasion into the densely populated
region. Following the dissolution of the ceasefire in
April 2025, both our model and MoH reports showed a
rise in daily injuries compared to the baseline before
the ceasefire.

The variables we identified as key drivers of injuries
align with drivers of morbidity in prior conflicts.” We
estimated that 81% of injuries by May 2025 were due to
air attacks or shelling. This is consistent with recent
data from Médecins Sans Frontiéres clinics and prior

case series from Gaza, which report that 83-86% of
violent trauma wounds were from explosive injuries.””
It also aligns with other recent urban conflicts where
explosive mechanisms dominate, but is in contrast to
historical military conflicts where gunshots constituted
a larger proportion of morbidity.***

Estimating civilian injuries in armed conflicts is
uniquely challenging.”*” As Manesh et al. observe,
modern armed conflicts frequently disregard interna-
tional humanitarian law, resulting in brazen forms of
warfare that devastate societal infrastructure, including
institutions responsible for civilian protection. One of
the roles of these institutions that become nonfunc-
tional during extended armed conflicts, including cor-
oners’ offices, hospitals, and local governments, is
recording injuries and deaths of civilians. As such,
despite estimates of civilian casualties constituting
13%-87% of total deaths in prior armed conflicts, there
is no established, reliable, or widely accepted method-
ology for measuring civilian morbidity and mortality.
This work addresses that gap through a novel modeling
framework that links attack types to dynamic popula-
tion densities and infrastructure classifications and
relying exclusively on publicly available data. We pro-
vide our code as open-source for others to build from,
and show thorough validation of our model’s perfor-
mance on a reserved testing period of data.

With that said, our work has limitations warranting
discussion. Our model relies on reported and estimated
data from a conflict zone which can be imprecise,
incomplete, and highly volatile, especially as the conflict
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Fig. 5: Predicted injuries and reported injuries at the (a) daily, (b) 7-day rolling average, and (c) cumulative level from October
2023-May 2025. Reported injuries (black), predicted injuries (red), and predicted reconstructive injuries (blue).

progresses and reporting infrastructures are further
destroyed. We suspect this is a large drive of the rolling
correlation observed in the testing set (Spearman’s
p = 0.487) being lower than desired. The drop in p from
training to testing may also be driven by a change in the
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style of attacks, weaponry, and munitions used over the
course of the war, all variables that our model does not
capture. Similarly, there are instances of widened
dispersion (Supplementary Figure S4), where expected
daily injuries diverge from reported values.
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November 2025 140K 145K 148K 126K
February 2026 151K 156K 159K 132K
May 2026 162K 166K 169K 136K

Fig. 6: Predicted injuries in forecasted scenarios, October 2023-May 2026. Reported injuries (black), predicted total injuries with sensitivity
analysis (red), and predicted reconstructive injuries (shaded blue), are depicted through the end of the testing period (October 2023-May
2025). Cumulative injuries in each of the forecasted scenarios are depicted thereafter for May 2025-May 2026. Scenarios include status quo
(blue: a continuation of the current baseline for 12 months); an air surge (orange: 100% increase in air/drone strikes and shelling attacks for 6
months followed by restoration to current baseline); a ground surge (purple: 100% increase in ground attacks for 6 months followed by
restoration to current baseline); and conflict de-escalation (cyan: 25% reduction in attacks for 12 months). Cumulative injuries at 3-month

intervals in each forecasted scenario depicted in table below graph.

Conceptually, the model estimates injuries as an ex-
pected value based on observed attack characteristics.
As such, it is not designed to capture variation across
theoretically similar events. For example, two shelling
attacks occurring in urban areas with comparable
population density during periods of an actively moving
front may result in markedly different numbers of in-
juries if one was intended to be a deterring warning
shot and the other was a targeted attack. In practice,
armed conflict is characterized by substantial hetero-
geneity in attack lethality, even among events that share
similar observable features. We interpret instances of
wide dispersion between predicted and observed

injuries as reflecting this unmodeled variation—spe-
cifically, days marked by unusually severe attacks
resulting in mass casualties (when reported injuries
exceed model predictions), as well as days characterized
by comparatively less injurious actions. Additionally,
the model itself did not include time trends or autore-
gressive terms, which limits its ability to model
short-term dynamics that may capture these shifts in
combat approach. Temporal dependence was addressed
indirectly through substantive covariates capturing
conflict dynamics, and residual autocorrelation was
assessed through visual inspection of residual time-
series, which showed minimal remaining serial

www.thelancet.com Vol 93 March, 2026


http://www.thelancet.com

Articles

Injury distribution by etiology and setting

Predicted injuries
(Oct 2023 - May 2025)

[l camp [l Suburban
¥ Rubble [l Urban

Forecasted injuries (October 2023 — May 2026)

Air surge

Ground surge

Status quo De-escalation

80

(2]
o

H
o

Injuries (thousands)

N
o

Air/  Ground Shelling Air/
drone attacks attacks
attacks

Ground Shelling Air/
drone attacks attacks
attacks

drone attacks attacks
attacks

Ground Shelling Air/  Ground Shelling Air/
drone attacks attacks
attacks

Ground Shelling
drone attacks attacks
attacks
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variable’s coefficient to the model weighted to the number of attacks of that type and setting.

dependence. A combination of these modeling limita-
tions likely caused some of the discrepancies in pre-
dicted versus reported injuries, both in October 2024
where reported injuries exceeded model predictions
during the attacks in the Jabalia camp, and immediately
prior to the 2025 ceasefire where the model predicted
higher injury counts than were reported. However, it is
important to note that the model was designed to esti-
mate cumulative injury burden and broad temporal
trends, which are more relevant for reconstructive
planning than short-term fluctuations. Despite the
absence of model features to capture short-term dy-
namics and the moderate correlation, cumulative injury
burdens mirrored reported totals.

Ideally, model performance would be evaluated
against a completely different dataset to measure
external validity. However, no other detailed, robust, and
publicly available source of injury data from Gaza exists
for comparison, and so training and testing of our model
relied on the same source of data. Although the training
and testing sets represent distinct time windows and the
testing data were fully held out from model develop-
ment, their shared reporting structure introduces the
possibility of common biases or incomplete capture.
Thus, while the model’s performance demonstrates in-
ternal consistency, it does not establish external validity.

It is also essential to consider the clinical limitations
of this work when interpreting these findings to plan
for reconstructive need. Notably, the underlying health,
nutritional status, and physiologic reserve of injured
patients are key elements of surgical planning that are
not within the scope of this work. The impact of these
factors is likely to have escalated since the window of
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time modeled, as persistent Israeli barriers on hu-
manitarian aid led Gaza into a state of famine. Our
model also does not account for the delay between
injury and medical treatment, but successful recon-
structive intervention often requires prompt stabiliza-
tion after initial injury. From our experience in Gaza,
mortality rates for patients with critical abdominal or
thoracic injuries are exceptionally high, at least partly
due to overwhelmed systems and barriers to emergency
surgery. This leaves limb injuries, burns, craniofacial
injuries and soft tissue trauma as the prevailing
reconstructive challenge amongst surviving patients. In
the acute phase, patients with severe injuries, especially
burns or limb trauma, are at high risk of complications,
including wound infection, sepsis, limb loss, or death
without prompt medical treatment. These complica-
tions can preclude initially indicated reconstructive
procedures and may result in irreversible functional
impairment and lifelong disability. The model also does
not capture injuries that may evolve into reconstructive
needs years later as a result of subacute infections or
chronic wounds, despite not initially requiring recon-
structive intervention.

Lastly, the current data is not yet granular enough to
predict the demographics of injured patients, or
subspecialty-specific injury patterns. These granular
details are important when planning for reconstructive
surgery capacity building, as the resources and skills
required for different types of injuries, e.g. a pediatric
burn on the extremity and an adult craniofacial trauma,
can vary significantly. However, our model’s structure
of tying injuries to attack characteristics lends itself to
layering more granular data from Gaza in the future to
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predict injuries by reconstructive subspecialty and
allocate resources accordingly.

Our results highlight two key points. First, that the
injury burden in Gaza is at least as large, and possibly
higher, than the figures reported by the MoH and
OCHA. Second, without an immediate end to the
hostilities, the gap between reconstructive need and
the capacity to deliver it will continue to escalate.
Intermittent surgical missions and medical evacua-
tions have provided much needed care, but they have
addressed only a minor fraction of the reconstructive
need.”®” Specialized reconstructive expertise such as
microsurgery and craniofacial reconstruction is almost
entirely absent, and multidisciplinary support
including rehabilitation, physiotherapy, and psycho-
logical care is scarcely documented.® In short, as it
currently stands, there is little to no reconstructive
surgery capacity left within Gaza, and without rapid
changes, patients would need to be evacuated for
reconstructive surgery. Even if hospitals, equipment,
and personnel were rapidly restored to pre-war levels,
demand would dramatically outstrip reconstructive
capacity. The reconstructive challenges are further
compounded by Israel’s use of incendiary weapons,
such as thermobaric explosives and white phospho-
rous, which produce severe burns in addition to blast-
related fractures and soft tissue defects.” These com-
pound injuries increase the complexity of reconstruc-
tive needs, often requiring nuanced reconstruction with
staged procedures, microsurgical expertise, and long-term
rehabilitation to improve outcomes and reduce the risk of
limb loss.” For approximate context, at a tertiary medical
center such as Duke University where some of our au-
thors work, approximately 4000 surgeries are performed
by plastic surgeons annually. At that rate, it would still
take approximately another decade to work through the
estimated backlog of predicted reconstructive surgical
cases in Gaza. Expanding the reconstructive surgical ca-
pacity in Gaza would be difficult, but could be aided by the
establishment of plastic surgery training programs and
the necessary components of a surrounding health
system.*>*

In summary, despite limitations inherent to conflict
settings, this study provides a quantitative model for
estimating a growing and unmet injury burden in Gaza
that corroborates figures reported by the Gaza MoH.
Quantifying and characterizing the injury burden is the
first step in planning to meet the developing recon-
structive need and is aided by this work. However, the
healthcare infrastructure in Gaza is being repeatedly
decimated by attacks despite protection by international
humanitarian law, such as the Fourth Geneva
Convention, furthering the gap between reconstructive
need and capacity. Thus, the most effective step to
stopping the reconstructive injury burden from
growing further is an immediate end to attacks against
civilians and vital infrastructure.
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