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Original Investigation | Public Health

Interstate Highway Connections and Traced Gun Transfers
Between the 48 Contiguous United States
Leah Roberts, MPH; Mark H. Hoofnagle, MD, PhD; Brady Bushover, MPH; Ariana N. Gobaud, MPH; Christina A. Mehranbod, MPH;
Carolyn Fish, BS; Christopher N. Morrison, PhD, MPH

Abstract

IMPORTANCE Interstate gun flow has critical implications for gun violence prevention, as gun
transfers across state lines can undermine local gun control policies.

OBJECTIVE To identify possible gun trafficking routes along interstate highways in the US.

DESIGN, SETTING, AND PARTICIPANTS This repeated-measures, ecological, cross-sectional study
used data from the Bureau of Alcohol, Tobacco, Firearms and Explosives from January 1, 2010, to
December 31, 2019, to examine associations between interstate connections via 13 highways that
each spanned at least 1000 miles and interstate traced gun transfer counts for the 48 contiguous
United States. Analyses were completed in November 2023.

EXPOSURES Characteristics of the origin states and the transportation connections between the
destination state and the origin states.

MAIN OUTCOMES AND MEASURES The main outcome was the total count of guns used in crimes
in each destination state per year that were originally purchased in the origin state. Bayesian
conditional autoregressive Poisson models were used to examine associations between the count of
guns used in crime traced to interstate purchases and interstate highway connections between origin
and destination states.

RESULTS Between 2010 and 2019, 526 801 guns used in crimes in the contiguous 48 states were
traced to interstate purchases. Northbound gun transfers along the Interstate 95 corridor were
greater than expected to New Jersey (incidence rate ratio [IRR], 2.80; 95% credible interval [CrI],
1.01-7.68) and Maryland (IRR, 3.07; 95% CrI, 1.09-8.61); transfers were similarly greater along
Interstate 15 southbound, Interstate 25 southbound, Interstate 35 southbound, Interstate 75
northbound and southbound, Interstate 10 westbound, and Interstate 20 eastbound and
westbound.

CONCLUSIONS AND RELEVANCE This repeated-measures, ecological, cross-sectional study
identified that guns used in crimes traced to interstate purchases moved routinely between states
along multiple major transportation routes. Interstate gun transfers are a major contributor to gun
crime, injury, and death in the US. National policies and interstate cooperation are needed to address
this issue.

JAMA Network Open. 2024;7(4):e245662. doi:10.1001/jamanetworkopen.2024.5662

Key Points
Question Are firearms used in crimes

transferred between US states

connected via major interstate highways

beyond what is expected based on

spatial proximity?

Findings In this cross-sectional study,

between 2010 and 2019, 526 801 guns

used in crimes in the 48 contiguous

United States were traced to interstate

purchases. Traced gun transfers were

greater than expected along Interstate

15 southbound, Interstate 25

southbound, Interstate 35 southbound,

Interstate 75 northbound and

southbound, Interstate 95 northbound,

Interstate 10 westbound, and Interstate

20 eastbound and westbound.

Meaning The findings suggest that

guns used in crimes are transferred

routinely between states connected via

major interstate highways.
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Introduction

Interstate gun flow has critical implications for gun violence and public health in the US. From 2010
to 2019, 275 345 people died and 803 393 were admitted to emergency departments due to
interpersonal shooting events.1 In 2019 alone, over 30 000 guns traced to in-state and interstate
purchases were used in violent crimes such as assault, robbery, and murder.2 In addition to direct
associations of gun crime with health and safety, exposure to violence can have lasting
consequences, including psychological effects and increased risk of cardiovascular disease and
premature mortality.3 Public and private authorities at the city, county, and state levels invest heavily
in preventive interventions to reduce gun crimes and protect the health of their communities.
However, because these jurisdictions are connected geographically, interventions implemented
locally can be affected by gun policies in other jurisdictions.

Given that guns are easily transportable, lightweight goods and that there is considerable
variation in gun laws between states,4 theories of economic geography predict that guns will flow
illegally from origin states with fewer restrictions to destination states with more restrictions.5-8

Once in these destinations, they can be used in ways that are damaging to population health,
including crimes linked to hazardous substances, various forms of assault, and incidents leading to
suicides or homicides.2 Prior research by some of us demonstrated that inflow of guns from other
states undermines local gun supply–reduction strategies, ultimately draining limited resources and
contributing to the overall burden of gun crime in the US.9-11

A related observation is that gun flow is greatest along key interstate transportation routes.12-14

This phenomenon has been named the Iron Pipeline and refers most commonly to the Interstate 95
(I-95) corridor. Guns from states with fewer restrictions on gun purchases along this corridor, such as
Pennsylvania and Georgia, are more frequently traced to crimes in states with stricter gun laws, such
as New York and New Jersey, along the same corridor.15 This notion has become so common that
references to I-95 as an Iron Pipeline can be found in many sources, including congressional bills,16,17

news reports,18 and presidential statements.19 However, I-95 may not be the only Iron Pipeline. For
example, patterns of guns moving from southern states to Illinois and western states into California
have been observed.9 A critical gap for empirical research is identifying other transportation routes
that contribute to gun crimes committed interstate. Additionally, it is imperative that such research
accounts for spatial autocorrelation, wherein states that are closer together are likely to be more
similar than those that are farther apart.20

This study aimed to identify possible gun trafficking routes along US interstate highways. The
Interstate Highway System is a vital part of the transportation network, with approximately
one-quarter of all vehicle miles traveled in the US occurring on interstate highways.21 Reduction of
gun trafficking within this network may have critical implications for violence prevention and
associated health effects. We hypothesized that counts of traced firearm transfers between states
connected via major interstate highways would be greater than what is expected based on spatial
proximity and that traced gun transfers would be greatest along the I-95 corridor.

Methods

Ethics
This cross-sectional study used only publicly available data and was therefore not considered human
participants research by the institutional review board of Columbia University. We followed the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guideline.

Study Setting and Design
The setting for this repeated-measures, ecological, cross-sectional study was the 48 contiguous
United States from January 1, 2010, to December 31, 2019. Analyses were completed in November
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2023. We conducted separate analyses for each state (ie, destination state), wherein the units of
analyses were annual observations for each of the other 47 origin states (ie, 47 states ×10
years = 470 state-years).

Data
The dependent measure was the count of guns used or suspected to be used in crimes in the
destination state per year traced to interstate purchases. Interstate gun trace data from January 1,
2010, to December 31, 2019, were obtained from the Bureau of Alcohol, Tobacco, Firearms and
Explosives (ATF) National Tracing Center, which provides aggregated state-by-state reports on
firearm recoveries.2,22 We used these data to create 48 separate datasets, 1 for each destination state
of interest. Each dataset contained 470 rows for each origin state-year under investigation. For
example, the New Jersey dataset included 10 rows containing the count of guns recovered in New
Jersey that originated in Alabama from 2010 to 2019, 10 rows for Arizona, and so on.

The main independent variable was the directional interstate highway connection. TIGER/Line
Shapefiles were used to develop measures of the interstate highway network within the 48
contiguous states.23 Thirteen interstate highways that each spanned at least 1000 miles were
included: Interstate 90 (I-90), Interstate 80 (I-80), Interstate 40 (I-40), Interstate 10 (I-10),
Interstate 70 (I-70), I-95, Interstate 75 (I-75), Interstate 94 (I-94), Interstate 35 (I-35), Interstate 20
(I-20), Interstate 15 (I-15), Interstate 5 (I-5), and Interstate 25 (I-25) (Figure 1). Each of these highways
has either northbound-southbound or eastbound-westbound directionality, which was examined
separately for a total of 26 highway variables. Highways were coded as 1 if the origin and destination
states were connected via that highway in that direction and 0 otherwise. For example, when
examining Florida as an origin state and Maryland as a destination state, the I-95 northbound variable
would be coded as 1 while the southbound variable would be coded as 0.

Figure 1. Map of Major Interstate Highways Over the 48 Contiguous United States
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Lines show the 13 major highways that each span over 1000 miles.
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We included several independent variables to account for potential confounders: (1) the
presence of an interstate connection between the origin and destination states, (2) a corresponding
variable for the reverse direction on the same highway (eg, if analyzing I-95 northbound, we included
a variable for I-95 southbound), (3) the natural logarithm of the annual population size of each origin
state, and (4) the distance between the geometric centroids of the origin and destination states.
Coefficients for these variables are not reported. A common observation is that human mobility
approximates a geographic gravity function following Newton’s law of universal gravitation, wherein
people and goods are more likely to flow from areas with higher populations to areas within a shorter
geographic distance.11,24,25 While other methods for estimating mobility have been developed,26 in
the absence of complete data on the movement of people and goods, the gravity function has been
established as a strong proxy.24,25 Therefore, we expected the count of recovered guns in each
destination state to be proportionate to the origin state population size and inversely proportionate
to the distance between the origin and destination states.27 We refer to this combination of
population and distance variables in our model as a gravity function. We included the variables for any
highway connection between the 2 states to help control for the complexity of travel routes as well
as the variable for the opposite direction on the same highway to help isolate the independent
association of each directional highway with the count of recovered guns, as we hypothesized that
associations may not be the same in both directions.

Statistical Analysis
All analyses were conducted using R, version 4.3.1 (R Project for Statistical Computing).28 We first
determined the number of firearms used in crimes in each state that were traced to purchases in
other states. Then, we developed models to evaluate the association between the interstate highway
network and the number of firearms recovered in each destination state.

We used a Poisson model for observed counts of recovered guns Y in state i at time t using the
formula Yi,t|ui,t ~ Poisson(Ei,texp[ui,t]), where Ei,t is the time-varying population size for state i. This term
serves as the expected number of recovered guns. The mean and variance of the Poisson distribution is
Ei,t multiplied by exp(ui,t), which is the incidence rate for gun recovery in state i at time t.

We modeled the log of the incidence rate linearly: ui,t = (α + Ωs) + β × X′i,t + φi + ωt. The term α
is an overall intercept, and Ωs is a random intercept capturing time-invariant variation between s,
the 48 states. Parameter β is a vector of fixed-effect estimates that we interpreted as the
associations of interest for a matrix of independent variables X′i,t, including the directional highway
variables, any interstate connection, and the gravity function. The term φ is a conditional
autoregressive random effect that controlled for the loss of unit independence, identified using a
matrix of adjacent states with queen contiguity. The term ωt captures temporal variation around the
average of the linear time trend for all states across the 10 years. We estimated incidence rate ratios
(IRRs) from model slopes to report the rate of traced gun transfers to each destination state from
states connected vs not connected via the interstate of interest.

We developed individual models for each highway and the corresponding destination states
along these routes. Using I-95 northbound as an example, we created specific models for each of the
14 states that are connected by this highway. For instance, in the New Jersey model for I-95
northbound, the primary outcome measured was the number of firearms recovered in New Jersey
that originated from the other 47 states. The key independent variable in this case was the
connectivity of these origin states to New Jersey via I-95 northbound.

We specified 3 model variants for each state and interstate of interest. Model 1 included only the
directional highway variables and the interstate connection variable. Models 2 and 3 were estimated
using R-INLA, which calculates the integrated network Laplace approximation of a fully bayesian
model.29-31 Model 2 included the random effect to capture residual variance in traced gun transfers
across years and the time-invariant conditional autoregressive random effect to capture spatially
structured error. Model 3 included these same spatial and temporal terms as well as the gravity
function and was the primary model of interest. The inclusion of both the gravity function and the
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conditional autoregressive term helped isolate the association of individual interstate highways with
traced gun transfers beyond what would be expected based on population size, distance, and
adjacency between states.

Results

Descriptive Statistics
Between 2010 and 2019, 526 801 guns used in crimes in the 48 states were traced to interstate
purchases. Absolute mean (SD) annual traced gun transfers were greatest into California (7012
[2274]), Illinois (4202 [883]), and New York (3545 [366]). Mean (SD) annual traced gun transfers per
1 million population were greatest into Maryland (423 [102]), Illinois (328 [69]), and Delaware (289
[26]). Absolute mean (SD) annual traced gun transfers were greatest out of Georgia (3519 [950]),
Texas (3130 [803]), and Florida (2870 [591]). Mean (SD) annual traced gun transfers per 1 million
population were greatest out of Mississippi (587 [146]), West Virginia (564 [100]), and Nevada (504
[192]) (Table 1).

Bayesian Conditional Autoregressive Poisson Models
Table 2 reports the results from the I-95 northbound models as an example. Fully adjusted model 3
results for all other highways and states are given in the eTable in Supplement 2. Results for states
with low counts of recovered firearms are not reported due to unstable estimates in the spatial
models. The state with the largest IRR for I-95 northbound model 1 was New Jersey. The count of
guns recovered in New Jersey from states connected to New Jersey via I-95 northbound was greater
than the count of guns recovered in New Jersey from states not connected to New Jersey via I-95
northbound when adjusting for the I-95 southbound connection and any interstate connection (IRR,
10.75; 95% CI, 10.17-11.36). After adding spatial and temporal effects in model 2, this IRR decreased
to 5.44 (95% credible interval [CrI], 1.52-19.44), and after adding the gravity function in model 3, the
IRR decreased further to 2.80 (95% CrI, 1.01-7.68).

Figure 2 includes selected transect graphs for interstates that cover at least 5 states and had at
least 1 supported association with the count of transferred traced guns in model 3. Three highways
that flow northbound and southbound (I-15, I-75, and I-95) and 3 that flow eastbound and westbound
(I-10, I-20, and I-70) were selected. No supported associations were found for states along I-15
northbound. Along I-15 southbound, 3 states had supported IRRs. The count of guns recovered in
California from source states connected to California via I-15 southbound was greater than the count
of guns recovered from states not connected to California via I-15 southbound in the fully adjusted
model (IRR, 1.90; 95% CrI, 1.10-3.27). Nevada (IRR, 2.18; 95% CrI, 1.43-3.32) and Idaho (IRR, 5.15; 95%
CrI, 1.59-16.75) also had supported positive associations for I-15 southbound. Ohio had a supported
positive association for I-75 northbound (IRR, 2.59; 95% CrI, 1.18-5.70), while Tennessee had a
positive association for I-75 southbound (IRR, 2.35; 95% CrI, 1.11-4.97). Along I-95 northbound, 2
states had supported positive associations: Maryland (IRR, 3.07; 95% CrI, 1.09-8.61) and New Jersey
(IRR, 2.80; 95% CrI, 1.01-7.68). Two states along this route had negative associations: Connecticut
(IRR, 0.07; 95% CrI, 0.01-0.52) and New Hampshire (IRR, 0.06; 95% CrI, 0.01-0.49). Supported
negative associations were found for the I-95 southbound route for both Connecticut (IRR, 0.20;
95% CI, 0.04-0.95) and Georgia (IRR, 0.53; 95% CrI, 0.28-0.99). No supported associations were
found for the recovery states along I-10 eastbound; however, Louisiana had supported positive
associations for I-10 westbound (IRR, 2.70; 95% CrI, 1.02-7.16), I-20 eastbound (IRR, 3.51; 95% CrI,
1.05-11.58), and I-20 westbound (IRR, 2.93; 95% CrI, 1.44-5.94). Colorado was the only state with
supported associations (both negative) for I-70 eastbound (IRR, 0.39; 95% CrI, 0.17-0.87) and I-70
westbound (IRR, 0.48; 95% CrI, 0.27-0.87).

Seven highways were not included in Figure 2: I-90, I-80, I-40, I-94, I-35, I-5, and I-25. Results
for these interstates are shown in the eFigure in Supplement 1. No supported associations were
found in either direction for I-90, I-80, I-40, I-94, or I-5 or for I-35 northbound or I-25 northbound.
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Table 1. Characteristics of the 48 Contiguous US States, 2010-2019

State

Major
interstate
connections,
No.

Mean (SD) [range]

Annual population,
millions

Annual traced gun
transfers into state,
per 1 million population

Annual traced gun
transfers out of state,
per 1 million population

Alabama 2 4.8 (0.1) [4.7-4.9] 152 (39) [87-203] 389 (95) [297-535]

Arizona 3 6.6 (0.3) [6.2-7.1] 173 (15) [155-198] 370 (99) [261-510]

Arkansas 1 2.9 (0.0) [2.9-3.0] 82 (36) [45-146] 305 (71) [227-411]

California 5 38.1 (0.9) [36.6-39.3] 183 (55) [116-259] 44 (3) [39-49]

Colorado 2 5.2 (0.2) [4.9-5.6] 162 (63) [70-236] 159 (31) [125-208]

Connecticut 1 3.6 (0.0) [3.5-3.6] 82 (25) [59-132] 70 (9) [58-85]

Delaware 1 0.9 (0.0) [0.9-1.0] 289 (26) [250-320] 258 (49) [180-332]

Florida 3 19.6 (0.8) [18.5-20.9] 162 (18) [141-190] 146 (24) [119-177]

Georgia 3 10.0 (0.3) [9.5-10.4] 214 (35) [179-268] 351 (84) [266-486]

Idaho 2 1.6 (0.1) [1.5-1.7] 154 (32) [105-198] 286 (64) [196-406]

Illinois 4 12.8 (0.0) [12.7-12.9] 328 (69) [257-446] 76 (15) [60-103]

Indiana 4 6.5 (0.1) [6.4-6.7] 130 (36) [91-181] 369 (84) [291-527]

Iowa 2 3.1 (0.0) [3.0-3.1] 113 (36) [71-174] 144 (45) [80-210]

Kansas 2 2.9 (0.0) [2.8-2.9] 192 (63) [101-295] 249 (79) [157-366]

Kentucky 1 4.4 (0.1) [4.3-4.4] 164 (51) [108-253] 381 (87) [293-510]

Louisiana 2 4.6 (0.1) [4.4-4.7] 275 (70) [204-397] 272 (61) [207-352]

Maine 1 1.3 (0.0) [1.3-1.3] 50 (8) [38-62] 210 (35) [174-268]

Maryland 2 5.9 (0.1) [5.7-6.0] 423 (102) [288-574] 71 (6) [61-80]

Massachusetts 2 6.7 (0.1) [6.5-6.9] 108 (21) [80-137] 37 (5) [32-48]

Michigan 2 9.9 (0.0) [9.9-10.0] 112 (11) [90-128] 82 (13) [69-100]

Minnesota 3 5.4 (0.1) [5.2-5.6] 109 (30) [66-157] 71 (14) [57-91]

Mississippi 2 3.0 (0.0) [2.9-3.0] 167 (54) [114-243] 587 (146) [422-828]

Missouri 2 6.0 (0.1) [5.9-6.1] 174 (45) [124-248] 191 (76) [105-312]

Montana 3 1.0 (0.0) [1.0-1.1] 135 (39) [87-189] 350 (90) [232-467]

Nebraska 1 1.9 (0.0) [1.8-1.9] 184 (48) [118-260] 127 (21) [104-172]

Nevada 2 2.8 (0.1) [2.6-3.0] 275 (120) [70-486] 504 (192) [294-802]

New Hampshire 1 1.3 (0.0) [1.3-1.3] 43 (11) [31-62] 265 (57) [216-389]

New Jersey 2 8.9 (0.1) [8.7-9.0] 208 (24) [178-243] 26 (4) [22-30]

New Mexico 3 2.1 (0.0) [2.0-2.1] 167 (69) [78-292] 266 (66) [182-357]

New York 2 19.5 (0.2) [19.2-19.8] 181 (17) [161-210] 29 (2) [27-35]

North Carolina 2 9.8 (0.3) [9.3-10.3] 248 (41) [207-314] 218 (32) [183-263]

North Dakota 1 0.7 (0.0) [0.7-0.8] 164 (75) [69-287] 238 (106) [102-381]

Ohio 4 11.6 (0.0) [11.5-11.7] 132 (20) [111-165] 170 (28) [141-215]

Oklahoma 2 3.8 (0.1) [3.7-3.9] 84 (23) [62-125] 241 (52) [189-325]

Oregon 1 3.9 (0.1) [3.8-4.1] 178 (32) [142-238] 207 (34) [162-253]

Pennsylvania 4 12.7 (0.1) [12.6-12.8] 109 (18) [93-139] 158 (21) [127-185]

Rhode Island 1 1.1 (0.0) [1.1-1.1] 104 (26) [62-139] 54 (13) [41-78]

South Carolina 2 4.8 (0.2) [4.5-5.0] 206 (66) [118-321] 409 (81) [322-556]

South Dakota 1 0.8 (0.0) [0.8-0.9] 104 (74) [30-203] 199 (54) [136-273]

Tennessee 2 6.5 (0.2) [6.2-6.7] 271 (106) [132-427] 235 (61) [172-328]

Texas 4 26.3 (1.3) [24.3-28.3] 92 (25) [63-124] 118 (24) [92-157]

Utah 3 2.9 (0.1) [2.7-3.1] 87 (26) [54-130] 176 (36) [132-230]

Vermont 0 0.6 (0.0) [0.6-0.6] 75 (31) [48-149] 257 (69) [157-370]

Virginia 1 8.2 (0.2) [7.8-8.5] 142 (22) [122-182] 329 (62) [265-419]

Washington 2 7.0 (0.3) [6.6-7.4] 113 (21) [91-144] 141 (20) [114-164]

West Virginia 1 1.8 (0.0) [1.8-1.9] 139 (41) [84-192] 564 (100) [442-725]

Wisconsin 2 5.7 (0.1) [5.6-5.8] 92 (18) [73-123] 132 (33) [99-178]

Wyoming 3 0.6 (0.0) [0.5-0.6] 121 (29) [74-156] 416 (120) [262-589]

JAMA Network Open | Public Health Interstate Highway Connections and Traced Gun Transfers Between States

JAMA Network Open. 2024;7(4):e245662. doi:10.1001/jamanetworkopen.2024.5662 (Reprinted) April 9, 2024 6/11

Downloaded from jamanetwork.com by Washington University - St Louis user on 05/02/2024



Supported positive associations were found for I-35 southbound for Kansas (IRR, 3.76; 95% CrI, 1.64-
8.60) and I-25 southbound for Colorado (IRR, 4.57; 95% CrI, 2.28-9.12).

Discussion

This study identified that between 2010 and 2019, guns flowed routinely between states along
multiple transportation routes. We discovered previously unidentified Iron Pipelines, such as I-15
southbound, which had positive associations with the count of traced guns transferred into Idaho,
Nevada, and California. For some states, multiple highways were involved in traced gun inflow; for
example, the count of guns recovered in Louisiana was positively associated with connection to I-10
westbound, I-20 eastbound, and I-20 westbound. We also found that gun traffic along I-95, known
colloquially as an Iron Pipeline, may be more complex than previously recognized. While positive
associations with I-95 northbound were found for the count of traced guns transferred into Maryland
and New Jersey, 2 states along this route, Connecticut and New Hampshire, had negative
associations, suggesting guns may be coming into these states via other routes. These results
support the hypothesis that firearms used in crimes are more likely to be transferred between states
connected via major interstate highways.

This study builds on previous evidence for the flow of firearms along major highways12,14 by
adding additional methodologic rigor. As indicated by the model findings in Table 2, inclusion of
spatial and temporal factors as well as the gravity function impacted the results. By incorporating
spatial methods into our analysis, our study provides an innovative examination of the ways in which
highway connections may facilitate interstate transfers of guns used in crimes beyond what would
be expected by spatial proximity alone. Importantly, we also found that associations sometimes
differed when examining the same highway from different directions. While several states had
positive associations with the count of traced gun transfers for I-15 southbound, no such associations
existed for the northbound direction. Similarly, no positive associations were found for I-95
southbound, in contrast to the I-95 northbound findings. This result suggests that there may be
established sources and destinations for firearms along this route that drive directionality of gun
traffic. These findings align with previous literature indicating that gun flow is driven by a variety of
factors, including firearm laws in each state,9-11 and suggest that there may be a synergistic
relationship between interstate connection and gun laws in determining trafficking patterns.

By identifying highway routes regularly used for transfer of guns used in crimes, this study
provides law enforcement and public health authorities with critical areas for intervention. While

Table 2. Results of I-95 Northbound Models

State

Incidence rate ratio (95% CI) Incidence rate ratio (95% CrI)

Model 1a Model 2b Model 3c

Maine 4.15 (3.54-4.87) NAd NAd

New Hampshire 0.39 (0.28-0.53) 0.73 (0.05-10.91) 0.06 (0.01-0.49)

Massachusetts 3.63 (3.34-3.95) 1.92 (0.62-5.92) 0.99 (0.39-2.52)

Rhode Island 5.03 (4.35-5.82) NAd NAd

Connecticut 1.10 (0.92-1.31) 1.33 (0.11-15.54) 0.07 (0.01-0.52)

New York 7.01 (6.78-7.23) 3.62 (1.21-10.78) 2.24 (0.89-5.73)

New Jersey 10.75 (10.17-11.36) 5.44 (1.52-19.44) 2.80 (1.01-7.68)

Pennsylvania 4.31 (4.14-4.48) 2.78 (1.04-7.42) 1.86 (0.91-3.83)

Delaware 10.46 (9.47-11.56) NAd NAd

Maryland 5.65 (5.45-5.85) 4.54 (1.31-15.74) 3.07 (1.09-8.61)

Virginia 2.90 (2.76-3.04) 2.41 (0.51-11.42) 1.36 (0.45-4.09)

North Carolina 6.66 (6.45-6.87) 3.03 (0.46-19.96) 1.50 (0.42-5.31)

South Carolina 5.45 (5.13-5.79) 3.19 (0.66-15.31) 1.69 (0.56-5.10)

Georgia 3.35 (3.22-3.48) 0.99 (0.05-18.66) 0.36 (0.06-2.17)

Abbreviations: CrI, credible interval; NA, not
applicable.
a Included only the directional highway variables and

the interstate connection variable.
b Included the random effect to capture residual

variance in traced gun transfers across years and the
time-invariant conditional autoregressive random
effect to capture spatially structured error.

c Included spatial and temporal terms from models 1
and 2 as well as the gravity function.

d Estimate not reported due to unstable output from
spatial models as a result of low firearm recovery
counts in the state.
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Figure 2. Select Transect Graphs of Associations Between Interstate Highway Connections and Traced Gun Transfers
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Graphs for interstate highways that cross at least 5 states and had at least 1 supported
association with the count of transferred traced guns in model 3 are shown. Vertical lines
represent each destination state located along the interstate of interest, organized by
location along the highway in the direction specified. The y-axes represent the natural
log of the incidence rate ratio (IRR) for the association of each specified directional

highway variable with the count of guns recovered in the destination state. For I-95
northbound, estimates for Maine, Delaware, and Rhode Island are not reported due to
unstable output from spatial models as a result of low firearm recovery counts in those
states. Estimates for these states as well as New Hampshire are similarly not reported for
I-95 southbound.
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restrictive local laws have been effective in creating an additional burden for gun traffickers,
necessitating interstate distribution of firearms, national policies and interstate cooperation are
needed to limit gun flow and ultimately prevent thousands of firearm injuries and mortalities each
year.2 Future research should examine interventions to reduce gun crime through the curtailment of
interstate gun transfers. One option may be increased law enforcement traffic stops, which have the
potential to be discriminatory,32 but more effective options may include supply-reduction strategies
in origin states and demand-reduction strategies in destination states.

Limitations
This study has several limitations. First, because the analysis was ecological, findings can only be
interpreted at the state level and are not applicable to individuals or smaller geographic scales.
Second, we only included data for the 48 contiguous states, limiting generalizability to
noncontiguous US states and territories. Third, the ATF data included only recovered guns used in or
suspected to have been used in crime. These data are not fully representative of all guns traveling
and contributing to morbidity and mortality interstate, and this unquantified missingness of data has
the potential to bias our findings. Despite this, the data offer valuable insights into the origins of
interstate crime guns, a key public health intervention point. Fourth, while multiple comparisons are
typically not problematic in bayesian analysis due to the more conservative nature of the bayesian
CrI,33 there is still the possibility of drawing false conclusions with multiple testing. Fifth, while
interstate highways are an important component,21 they do not fully capture the complex
transportation network throughout the country.

Conclusions

This study identified multiple Iron Pipelines throughout the US and showed that the use of highways
in the interstate gun trafficking network may be more complex than previously recognized. Limiting
gun trafficking along major interstate highways may help prevent violence, injury, and death as well
as reduce long-term mental and physical consequences of exposure to violence.

ARTICLE INFORMATION
Accepted for Publication: February 10, 2024.

Published: April 9, 2024. doi:10.1001/jamanetworkopen.2024.5662

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2024 Roberts L
et al. JAMA Network Open.

Corresponding Author: Christopher N. Morrison, PhD, MPH, Department of Epidemiology, Mailman School of
Public Health, Columbia University, 722 W 168th St, Room 505, New York, NY 10032 (cm3820@cumc.
columbia.edu).

Author Affiliations: Department of Epidemiology, Mailman School of Public Health, Columbia University, New
York, New York (Roberts, Bushover, Gobaud, Mehranbod, Fish, Morrison); Department of Surgery, Washington
University in St Louis School of Medicine, St Louis, Missouri (Hoofnagle); Department of Epidemiology and
Preventive Medicine, School of Public Health and Preventive Medicine, Monash University, Melbourne, Victoria,
Australia (Morrison).

Author Contributions: Ms Roberts had full access to all of the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.

Concept and design: Roberts, Hoofnagle, Bushover, Gobaud, Mehranbod, Morrison.

Acquisition, analysis, or interpretation of data: Roberts, Bushover, Gobaud, Mehranbod, Fish, Morrison.

Drafting of the manuscript: Roberts, Hoofnagle, Fish.

Critical review of the manuscript for important intellectual content: Hoofnagle, Bushover, Gobaud, Mehranbod,
Fish, Morrison.

Statistical analysis: Roberts, Bushover, Gobaud, Mehranbod, Morrison.

JAMA Network Open | Public Health Interstate Highway Connections and Traced Gun Transfers Between States

JAMA Network Open. 2024;7(4):e245662. doi:10.1001/jamanetworkopen.2024.5662 (Reprinted) April 9, 2024 9/11

Downloaded from jamanetwork.com by Washington University - St Louis user on 05/02/2024

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2024.5662&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2024.5662
https://jamanetwork.com/pages/cc-by-license-permissions/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2024.5662
mailto:cm3820@cumc.columbia.edu
mailto:cm3820@cumc.columbia.edu


Obtained funding: Hoofnagle, Morrison.

Administrative, technical, or material support: Bushover, Fish, Morrison.

Supervision: Hoofnagle, Morrison.

Conflict of Interest Disclosures: None reported.

Funding/Support: This work was supported in part with funding provided by the New Jersey Gun Violence
Research Center at Rutgers University. The center works in collaboration with and is supported by New Jersey’s
Office of the Secretary of Higher Education. This work was also supported in part by grant R49CE003094 from
the National Center for Injury Prevention and Control, Centers for Disease Control and Prevention.

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Disclaimer: The findings and conclusions in this study are those of the authors and do not necessarily represent
the views of the funders.

Data Sharing Statement: See Supplement 3.

REFERENCES
1. Centers for Disease Control and Prevention. WISQARS—Web-Based Injury Statistics Query and Reporting
System. October 12, 2023. Accessed October 17, 2023. https://www.cdc.gov/injury/wisqars/index.html

2. Bureau of Alcohol, Tobacco, Firearms and Explosives. National Tracing Center. Accessed October 17, 2023.
https://www.atf.gov/firearms/national-tracing-center

3. Rivara F, Adhia A, Lyons V, et al. The effects of violence on health. Health Aff (Millwood). 2019;38(10):
1622-1629. doi:10.1377/hlthaff.2019.00480

4. McClenathan J, Pahn M, Siegal M. The changing landscape of US gun policy: state firearm laws, 1991-2016.
December 2017. Accessed October 18, 2023. https://www.statefirearmlaws.org/sites/default/files/2017-12/
report_0.pdf

5. Hsiang S, Sekar N. Does legalization reduce black market activity? evidence from a global ivory experiment and
elephant poaching data. National Bureau of Economic Research working paper 22314. June 2016. Accessed
October 18, 2023. https://www.nber.org/papers/w22314

6. Krugman P. Geography and Trade. MIT Press; 1992.

7. Becker GS, Landes WM. Essays in the Economics of Crime and Punishment. National Bureau of Economic
Research; 1974.

8. Hotelling H. Stability in competition. Econ J (Lond). 1929;39(153):41-57.

9. Andrade EG, Hoofnagle MH, Kaufman E, Seamon MJ, Pah AR, Morrison CN. Firearm laws and illegal firearm flow
between US states. J Trauma Acute Care Surg. 2020;88(6):752-759. doi:10.1097/TA.0000000000002642

10. Gobaud AN, Morrison CN, Mehranbod CA, Hoofnagle MH. Gun shows and universal background check laws
across state lines. Prev Med. 2022;165(pt A):107094. doi:10.1016/j.ypmed.2022.107094

11. Morrison CN, Kaufman EJ, Humphreys DK, Wiebe DJ. Firearm homicide incidence, within-state firearm laws,
and interstate firearm laws in US counties. Epidemiology. 2021;32(1):36-45. doi:10.1097/EDE.
0000000000001262

12. Cook PJ, Parker ST, Pollack HA. Sources of guns to dangerous people: what we learn by asking them. Prev Med.
2015;79:28-36. doi:10.1016/j.ypmed.2015.04.021

13. Chesnut KY, Barragan M, Gravel J, et al. Not an “iron pipeline,” but many capillaries: regulating passive
transactions in Los Angeles’ secondary, illegal gun market. Inj Prev. 2017;23(4):226-231. doi:10.1136/injuryprev-
2016-042088

14. Bureau of Alcohol, Tobacco, Firearms and Explosives. New York firearms trace data. Accessed October 18,
2023. https://www.atf.gov/docs/163552-nyatfwebsite15pdf/download

15. Office of the Attorney General of the State of New York. Target on trafficking: New York crime gun analysis.
Accessed October 18, 2023. https://targettrafficking.ag.ny.gov

16. Stopping the Iron Pipeline Act of 2021, HR 1952, 117th Cong (2021). Accessed November 8, 2023. https://
www.govinfo.gov/app/details/BILLS-117hr1952ih

17. Iron Pipeline Review Act, HR 8276, 117th Cong (2022). Accessed November 8, 2023. https://www.govinfo.
gov/app/details/BILLS-117hr8276ih

JAMA Network Open | Public Health Interstate Highway Connections and Traced Gun Transfers Between States

JAMA Network Open. 2024;7(4):e245662. doi:10.1001/jamanetworkopen.2024.5662 (Reprinted) April 9, 2024 10/11

Downloaded from jamanetwork.com by Washington University - St Louis user on 05/02/2024

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2024.5662&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2024.5662
https://www.cdc.gov/injury/wisqars/index.html
https://www.atf.gov/firearms/national-tracing-center
https://dx.doi.org/10.1377/hlthaff.2019.00480
https://www.statefirearmlaws.org/sites/default/files/2017-12/report_0.pdf
https://www.statefirearmlaws.org/sites/default/files/2017-12/report_0.pdf
https://www.nber.org/papers/w22314
https://dx.doi.org/10.1097/TA.0000000000002642
https://dx.doi.org/10.1016/j.ypmed.2022.107094
https://dx.doi.org/10.1097/EDE.0000000000001262
https://dx.doi.org/10.1097/EDE.0000000000001262
https://dx.doi.org/10.1016/j.ypmed.2015.04.021
https://dx.doi.org/10.1136/injuryprev-2016-042088
https://dx.doi.org/10.1136/injuryprev-2016-042088
https://www.atf.gov/docs/163552-nyatfwebsite15pdf/download
https://targettrafficking.ag.ny.gov
https://www.govinfo.gov/app/details/BILLS-117hr1952ih
https://www.govinfo.gov/app/details/BILLS-117hr1952ih
https://www.govinfo.gov/app/details/BILLS-117hr8276ih
https://www.govinfo.gov/app/details/BILLS-117hr8276ih


18. Aisch G, Keller J. How gun traffickers get around state gun laws. New York Times. November 13, 2015. Accessed
November 8, 2023. https://www.nytimes.com/interactive/2015/11/12/us/gun-traffickers-smuggling-state-gun-
laws.html

19. The White House. Fact sheet: President Biden’s historic actions to make our communities safer by reducing
gun crime. March 1, 2022. Accessed November 8, 2023. https://www.whitehouse.gov/briefing-room/statements-
releases/2022/03/01/fact-sheet-president-bidens-historic-actions-to-make-our-communities-safer-by-
reducing-gun-crime/

20. Griffith DA. Spatial Autocorrelation: A Primer. Association of American Geographers; 1987.

21. Office of Highway Policy Information. Table VM-1. Highway statistics series: highway statistics 2020. US
Federal Highway Administration. Accessed January 5, 2024. https://www.fhwa.dot.gov/policyinformation/statistics/
2020/vm1.cfm

22. Bureau of Alcohol, Tobacco, Firearms and Explosives. Data & statistics. Accessed January 4, 2024. https://
www.atf.gov/resource-center/data-statistics

23. US Census Bureau. TIGER/Line Shapefiles and TIGER/Line Files technical documentation. Accessed October
17, 2023. https://www.census.gov/programs-surveys/geography/technical-documentation/complete-technical-
documentation/tiger-geo-line.html

24. Stewart JQ. Demographic gravitation: evidence and applications. Sociometry. 1948;11(1/2):31-58. doi:10.
2307/2785468

25. Rodrigue JP. The geography of transport systems. October 28, 2017. Accessed November 10, 2023. https://
transportgeography.org/

26. Ren Y, Ercsey-Ravasz M, Wang P, González MC, Toroczkai Z. Predicting commuter flows in spatial networks
using a radiation model based on temporal ranges. Nat Commun. 2014;5:5347. doi:10.1038/ncomms6347

27. Kahane LH. Understanding the interstate export of crime guns: a gravity model approach. Contemp Econ
Policy. 2013;31(3):618-634. doi:10.1111/j.1465-7287.2012.00324.x

28. R: A Language and Environment for Statistical Computing. Version 4.3.1. R Core Team; 2023. Accessed October
18, 2023. https://www.R-project.org/

29. Finley AO, Banerjee S, Cook BD. Bayesian hierarchical models for spatially misaligned data in R. Methods Ecol
Evol. 2014;5(6):514-523. doi:10.1111/2041-210X.12189

30. Gómez-Rubio V. Bayesian inference with INLA. Accessed October 17, 2023. https://becarioprecario.bitbucket.
io/inla-gitbook/index.html

31. Lindgren F, Rue H. Bayesian spatial modelling with R-INLA. J Stat Softw. 2015;63(19):1-25. doi:10.18637/
jss.v063.i19

32. Pierson E, Simoiu C, Overgoor J, et al. A large-scale analysis of racial disparities in police stops across the
United States. Nat Hum Behav. 2020;4(7):736-745. doi:10.1038/s41562-020-0858-1

33. Gelman A, Hill J, Yajima M. Why we (usually) don’t have to worry about multiple comparisons. J Res Educ Eff.
2012;5(2):189-211. doi:10.1080/19345747.2011.618213

SUPPLEMENT 1.
eFigure. Selected Transect Graphs of Associations of Interstate Highway Connections With Traced Gun Transfers

SUPPLEMENT 2.
eTable. Full Set of Model 3 Results

SUPPLEMENT 3.
Data Sharing Statement

JAMA Network Open | Public Health Interstate Highway Connections and Traced Gun Transfers Between States

JAMA Network Open. 2024;7(4):e245662. doi:10.1001/jamanetworkopen.2024.5662 (Reprinted) April 9, 2024 11/11

Downloaded from jamanetwork.com by Washington University - St Louis user on 05/02/2024

https://www.nytimes.com/interactive/2015/11/12/us/gun-traffickers-smuggling-state-gun-laws.html
https://www.nytimes.com/interactive/2015/11/12/us/gun-traffickers-smuggling-state-gun-laws.html
https://www.whitehouse.gov/briefing-room/statements-releases/2022/03/01/fact-sheet-president-bidens-historic-actions-to-make-our-communities-safer-by-reducing-gun-crime/
https://www.whitehouse.gov/briefing-room/statements-releases/2022/03/01/fact-sheet-president-bidens-historic-actions-to-make-our-communities-safer-by-reducing-gun-crime/
https://www.whitehouse.gov/briefing-room/statements-releases/2022/03/01/fact-sheet-president-bidens-historic-actions-to-make-our-communities-safer-by-reducing-gun-crime/
https://www.fhwa.dot.gov/policyinformation/statistics/2020/vm1.cfm
https://www.fhwa.dot.gov/policyinformation/statistics/2020/vm1.cfm
https://www.atf.gov/resource-center/data-statistics
https://www.atf.gov/resource-center/data-statistics
https://www.census.gov/programs-surveys/geography/technical-documentation/complete-technical-documentation/tiger-geo-line.html
https://www.census.gov/programs-surveys/geography/technical-documentation/complete-technical-documentation/tiger-geo-line.html
https://dx.doi.org/10.2307/2785468
https://dx.doi.org/10.2307/2785468
https://transportgeography.org/
https://transportgeography.org/
https://dx.doi.org/10.1038/ncomms6347
https://dx.doi.org/10.1111/j.1465-7287.2012.00324.x
https://www.R-project.org/
https://dx.doi.org/10.1111/2041-210X.12189
https://becarioprecario.bitbucket.io/inla-gitbook/index.html
https://becarioprecario.bitbucket.io/inla-gitbook/index.html
https://dx.doi.org/10.18637/jss.v063.i19
https://dx.doi.org/10.18637/jss.v063.i19
https://dx.doi.org/10.1038/s41562-020-0858-1
https://dx.doi.org/10.1080/19345747.2011.618213

	Interstate highway connections and traced gun transfers between the 48 contiguous United States
	Please let us know how this document benefits you.
	Recommended Citation
	Authors

	tmp.1714683006.pdf.eOPxW

