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RATIONALE AND OBJECTIVE: Three-dimensional (3D) printed anatomic models and surgical guides have been shown to reduce opera-
tive time. The purpose of this study was to generate an economic analysis of the cost-saving potential of 3D printed anatomic models and
surgical guides in orthopedic and maxillofacial surgical applications.

MATERIALS AND METHODS: A targeted literature search identified operating room cost-per-minute and studies that quantified time
saved using 3D printed constructs. Studies that reported operative time differences due to 3D printed anatomic models or surgical guides
were reviewed and cataloged. A mean of $62 per operating room minute (range of $22�$133 per minute) was used as the reference stan-
dard for operating room time cost. Different financial scenarios were modeled with the provided cost-per-minute of operating room time
(using high, mean, and low values) and mean time saved using 3D printed constructs.

RESULTS: Seven studies using 3D printed anatomic models in surgical care demonstrated a mean 62 minutes ($3720/case saved from
reduced time) of time saved, and 25 studies of 3D printed surgical guides demonstrated a mean 23 minutes time saved ($1488/case saved
from reduced time). An estimated 63 models or guides per year (or 1.2/week) were predicted to be the minimum number to breakeven and
account for annual fixed costs.

CONCLUSION: Based on the literature-based financial analyses, medical 3D printing appears to reduce operating room costs secondary
to shortening procedure times. While resource-intensive, 3D printed constructs used in patients’ operative care provides considerable
downstream value to health systems.
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G rowing interest in three-dimensional (3D) printing
applications in medicine and radiology is evidenced
by the recent approval of 3D printing-related Cur-

rent Procedural Terminology (CPT) codes, a proposal that
was led by a collaborative effort between the American Col-
lege of Radiology and the Radiologic Society of North
America (RSNA) 3D Printing Special Interest Group.
Announced in November 2018, the American Medical Asso-
ciation CPT Editorial Panel approved the creation of four
category III CPT codes (Table 1), which went into effect
July 2019 (1,2). These codes for 3D printed anatomic models
and guides are primarily used as temporary tracking codes to
detail usage across the United States to guide future category
I code applications (3). Reimbursement for category III codes
1
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TABLE 1. American Medical Association Category III Cur-
rent Procedural Codes for 3D Printing, Which Went Into
Effect July 1, 2019

Code Description

0559T Anatomic model 3D printed from image data set(s):
first individually prepared and processed compo-
nent of an anatomic structure

+0560T Anatomic model 3D printed from image data set(s):
each additional individually prepared and proc-
essed component of an anatomic structure (List
separately in addition to code for primary
procedure)

0561T Anatomic guide 3D printed from image data set(s):
first anatomic guide

+0562T Anatomic guide 3D printed from image data set(s):
each additional anatomic guide (List separately in
addition to code for primary procedure)

Omitted from “Description” column: each of the above codes
should not be reported in conjunction with 76376 or 76377 (3D ren-
dering with interpretation and reporting of CT, magnetic resonance
imaging, ultrasound, or other tomographic modality without [76376]
or with [76377] postprocessing on an independent workstation).
Adapted from reference (2).
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is determined individually (if at all) by insurers, and thus
information on the value of such a service to patients and to a
health system could help inform such determinations.
Announced in August 2019, a joint American College of
Radiology-RSNA medical 3D printing clinical data registry
is intended to launch in fall 2019 to collect 3D printing data
at the point of clinical care to document use and implementa-
tion (4). These efforts by professional radiology organizations
may lead to radiology departments to initiate or increase the
volume of medical 3D printing services.

Other indications suggestive of growing interest in 3D
printing in medicine are a rapidly growing number of publi-
cations, including a consensus guideline and appropriateness
scenarios for medical 3D printing published by the RSNA
3D Printing Special Interest Group (5) along with Radiology
Research Alliance 3D Printing Task Force publications (6,7).
Although 3D printing was reported for niche medical appli-
cations as early as 1999 (8), the years between 2010 and 2019
saw exponential growth in peer-review publications address-
ing the topic (6,7,9�11). Specifically, a search of Pubmed.
gov for “3D printing” revealed 34 results from 1985 to 2009,
109 results from 2010 to 2013, and over 4700 results from
2014 to July 2019; pairing the “3D printing” search term
with “radiology” yields 3, 5, and 333 publications during the
same three time periods. This is likely in part due to key intel-
lectual property issued in 1989 expiring in 2009, which in
turn made 3D printers more affordable (12).

Three-dimensional printing has multiple advanced applica-
tions, including the manufacture of custom implants, prosthe-
ses, and even tissue and organ-like constructs (9). However,
3D printed constructs are most commonly used for surgical
guidance and planning via surgical guides and anatomic
2

models, the latter indication for which it is not currently reim-
bursed by third-party payers. These anatomic models and
many guides are primarily derived from computed tomogra-
phy, magnetic resonance imaging, and volumetric ultrasound
images, although data are sometimes supplemented by surface
scans and the user’s creative input, for example, patient photos
for trauma cases (13). As part of the surgical process, uses
include preoperative planning, intraoperative guidance, medi-
cal trainee education, and patient information and consent
(6,7). Used in these ways, it is a direct implementation of preci-
sion and personalized medicine (14).

Without historic reimbursement for 3D printed anatomic
models, 3D printing has nonetheless been adopted as a novel
method to portray volumetric data within hospitals because it
has the potential to “pay for itself.” These “payments” include
superior confidence of the surgeon or proceduralist, the ability
to perform complex procedures that were poorly understood
anatomically with 3D visualization (the collective term for
viewing a 3D volume in any format on a 2D screen), and
financial savings secondary to shorter, more efficient proce-
dures. To date, there are a number of studies that demonstrate
operating room time reduction using 3D printed anatomic
models and surgical guides (6,9,10). Development of a financial
model that accounts for surgical time saved due to a 3D printed
model or surgical guide and the subsequent cost-savings due to
the shorter operating room time may be of interest to health-
care systems and radiology departments that may be consider-
ing the implementation of a 3D printing lab or service.
Though not a direct tie to reimbursement from the production
of these 3D printed constructs, the value of a 3D printing ser-
vice to a healthcare system, which may or may not be based in
a radiology department, may be demonstrated in cost analyses.
The purpose of this study was to generate an economic analysis
of the downstream cost-saving potential of 3D printed ana-
tomic models and surgical guides, using previously reported
data on operating room time savings and cost with a focus in
orthopedic and maxillofacial surgeries.
MATERIALS ANDMETHODS

Institutional review board approval was not required because
only published data (9,15�44) was used. A previously pub-
lished report of mean operating room cost-per-minute in the
United States (15) was used as the reference standard for
operating room cost. Studies demonstrating the effect of
operating room time 3D printed anatomic models or surgical
guides were generated from a previously published systematic
review (9). Authors’ institutional data of 3D printing lab
operation costs along with a prior study reported detailed
operating room utilization over a 1-year period at a large aca-
demic institution were also used (16).
Operating Room Costs

Using PubMed.gov and Google Scholar, a literature search
was performed to identify studies which describe
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generalizable cost-per-minute for operating room time in the
United States. Search terms included “operating room cost
per minute,” “operating room cost,” and “anesthesia cost per
minute.” Preference was given to the most cited articles that
were generalizable to several types of surgery, not just a spe-
cific specialty or certain procedure. The search yielded a study
by Shippert (15), which served as the reference for operating
room cost. Overall operating room costs per minute in the
United States, while lacking a high level of consensus, were
evaluated in 2005 (15) which reported a mean of $62 per
minute and a range of $22�$133 per minute, derived from a
survey of 100 hospitals with over 100 patient beds. This was
used as the reference standard for operating room cost
(Table 2).
3D Printing Time Savings

Similarly, in a literature search using PubMed.gov and Goo-
gle Scholar, a search for “3D printing” and “systematic
review” was conducted, specifically looking for studies that
included multiple surgical subspecialties and provided specific
data on time saved per minute in the queried studies. A previ-
ously published systematic review-identified studies (9)
reported mean time differences of 3D printed constructs used
in the surgical treatment of patients as part of Tack et al.’s (9)
supplemental data. This single systematic review served as the
reference source for prior 3D printing cohorts that reported a
difference in operating room time. The 3D printed constructs
included anatomic models, surgical guides, and implants. In
the current study’s independent review of studies identified
from the cited source (9) (no additional studies were identi-
fied through an additional literature search), inclusion criteria
consisted of a study of a minimum 20 patients, including at
least 10 in the 3D printing group and a 10 in a control group,
and reporting a mean operating room time or time difference
comparison between the two groups. Studies that did not
objectively measure and report time differences were
excluded. A study investigator (DHB) independently
reviewed each study identified by the previous systematic
review. The data collected by the investigator in the present
TABLE 2. Potential Cost-Savings Per Surgical Case From the Listed
erence Data of Mean Cost of Operating RoomMinutes

3D Printed Construct Mean Opera
Room Time
Saved

Anatomic model 62 minutes
Cost from 2005 data (15) adjusted for 2019 inflation*
Surgical guide 23 minutes
Cost from 2005 data (15) adjusted for 2019 inflation*

Potential cost-savings are grouped according to the mean ($62/minute
ence study that queried operating room time costs in the United States (1
ating room time adjusted for 2019 inflation would increase to $83, $30, an
* Inflation from reference study published in 2005 (15) adjusted for 201

Index Inflation Calculator (59).
study included category of 3D printed construct used in
patient care (e.g., anatomic model, surgical guide, or
implant), discipline of the study (e.g., oral and maxillofacial
focus and orthopedic focus), number of patients, and discrep-
ancies between the data obtained referenced articles by the
present study investigator and that originally reported by the
systematic review (9). Discrepancies included when the sys-
tematic review identified a discrete time savings of an individ-
ual scientific study and the present study’s analysis did not
agree with these metrics.

Overall, 28 of 230 studies identified from the reference (9)
met the present study’s inclusion criteria. Of note, all
included studies broadly had either a maxillofacial or ortho-
pedic focus. Thirteen studies were identified for 3D printed
anatomic models, 7 of which met inclusion criteria (17�23).
Of the seven studies, four are also included in the surgical
guide group (17�20). The 6 excluded studies were due to
too few patients (fewer than 10 experimental or control sub-
jects; n= 3) (45�47), the number of minutes saved was not
objectively measured (n= 1) (48), the number of minutes was
not reported (n= 1), and listing of a duplicate publication
(n= 1) (17). Thirty-one studies were identified for 3D
printed surgical guides, 25 of which met inclusion criteria
(17�20,24�44). Of the 25 studies, 4 studies were also cate-
gorized in the anatomic model group (17�20). The five stud-
ies that were excluded were excluded because they did not
measure operative time (only estimated it) (n= 3) (48�50),
listed a duplicate publication (n= 1) (25), or was misidentified
as a scientific study when it was a commentary (n= 1) (51).
Three-dimensional printed implant studies were excluded
from cost analyses as only two of a possible four studies would
have met inclusion criteria. Of note, the CPT category III 3D
printing codes which went into effect July 2019 do not
include implantables. Nine errors of operating time metrics in
the data of the referenced systematic reviews were noted.
3D Printing Costs

From these data, patients were grouped into different 3D
printed construct used in their care (e.g., anatomic models
Anatomic Models and Surgical Guide Studies Paired with Ref-

ting USD Saved Per
Surgical Case at
$22 Per Min

USD Saved Per
Surgical Case at
$62 Per Min

USD Saved Per
Surgical Case at
$133 Per Min

$1364 $3844 $8246
$1835 $5172 $11,094
$506 $1426 $3059
$681 $1918 $4115

), minimum ($22/minute), and maximum ($133/minute) from the refer-
5). These mean, minimum, and maximum values per minute of oper-
d $179 per minute, respectively.
9 inflation using the U.S. Bureau of Labor Statistics Consumer Price
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and surgical guides) and different financial scenarios were
modeled with the cost-per-minute of operating room time
(using high-, mean-, and low values). The authors’ institu-
tional data and experience were used to produce both vari-
able and fixed costs associated with 3D printing. These
included material and labor costs for creating 3D printed
models and guides of varying complexity along with an
annual operational fee. This consisted of a fixed cost of
$150,000/year ($120,000 for salary/percent effort for person-
nel performing the majority of segmentation and overseeing
the print process, $20,000 for a segmentation software license,
and $10,000 of facilities operational costs, printer mainte-
nance, and unexpected purchases). Printer depreciation was
not included in variable and fixed costs. The $119 and $320
price per model or guide included the variable costs of pro-
ducing a 3D printed constructs, including the material cost
and allocation of time segmenting and printing (separate from
the $120,000 salary designation; Table 3).
Analyses

Financial analyses included potential cost-savings per surgical
case using time saved from the anatomic model and surgical
guide studies along with annual utilization analyses. The annual
utilization analyses included the gross and net savings if ana-
tomic models and surgical guides were used at a low (5%) and
high (20%) rate along with a breakeven analysis that detailed
the number of models and guides needed to be produced in an
annual period to cover operational costs. The gross savings was
defined by the mean cost-savings from the analysis of previous
studies multiplied by the number of hours of annual operating
room time for the low (5%) or high (20%) utilization rate (i.e.,
either 5% or 20% of the total annual operating room time).
The low (5%) and high (20%) utilization rates were chosen to
simulate consistent use in moderate volume procedure or a
select case-by-case basis (low utilization) and consistent use in
one in a high-volume procedure or consistent use in few mod-
erate procedures (high utilization). The net savings calculation
was the same, minus the cost of producing the 3D printed
models. Factors such as depreciation, institutional overhead,
professional and hospital resources were not accounted for in
the simple model.

A model of the minimum number of models to achieve
annual operational cost, or the breakeven point, was per-
formed. A breakeven analysis relies on assumptions of linear
function of cost and revenue (52). Breakeven point was cal-
culated by the following formula = fixed costs/(cost-savings
from 3D printed constructs per case � variable costs of the
models or guides). The cost data (previously defined in “3D
Printing Cost” section and Table 3) included an annual oper-
ating cost of $150,000 and variable cost of producing the 3D
printed constructs. For simplicity, the model assumed equal
use of the simple and complex guides, at a price of $220 per
model or guide (mean of the $119 simple and $320 complex
models or guides defined in Table 3). In the breakeven
model, an equal incidence of anatomic models and surgical
4

guides was assumed with anatomic models saving a mean 62
minutes of operating room time/case and surgical guides sav-
ing a mean 23 minutes of operating room time/case.

Finally, to compare differences between the pooled studies
operating room time with 3D printed constructs compared to
those without, Student t test was used to compare the mean
operating room time. Statistical significance was set at p< 0.05.
RESULTS

The studies included for analyses and detailing the effect of
3D printed anatomic models or surgical guides in patients’
operative care are listed in Table 4. Use of 3D printed ana-
tomic models and surgical guides led to significantly shorter
operating room times (mean time saved ranging from 12 to
66 minutes; p values ranging from <0.001 to 0.04) in all
comparisons except for maxillofacial surgical guides, which
approached statistical significance (mean time saved 83
minutes; p= 05; Table 4).

Table 5 details the potential cost-savings per surgical case
from the overall mean data of the anatomic model and surgi-
cal guide studies, whereas Figure 1 plots potential cost-savings
for each identified study. Data for surgical departments utiliz-
ing specific time periods were derived from a reference study
that detailed total number of surgical cases and total number
of hours from a single institution (16). Oral and maxillofacial
and orthopedic surgical data were used, as they were the only
two disciplines of studies included, as noted in Table 4. There
were 509 oral and maxillofacial surgical cases using 1489 hours
of operating room time and 807 orthopedic surgical cases
using 2649 hours of operating room time. Table 5 details the
potential gross and net savings over a year period if anatomic
models or guides were used in maxillofacial or orthopedic
surgical procedures at a 5% or 20% rate. At the mean $62 of
operating room time per minute, these net savings range
from $19,384 to $129,589 and $77,536 to $518,358 for low
(5%) and high (20%) utilization rates, respectively. Figure 2
details the breakeven points needed to maintain an annual
fixed operation cost of $150,000 along with associated model
or guide costs.
DISCUSSION

Our literature-based financial analyses demonstrate that cost-
savings of 3D printed anatomic models and surgical guides
can be substantial and financially feasible at relatively low vol-
umes. Specifically, it shows that a volume of approximately
63 models or guides a year, or 1.2 3D printed constructs per
week, can potentially cover operational costs needed to
maintain a 3D printing lab. One driver of cost-savings for
medical modeling is the generation of 3D anatomic models
and surgical guides that enhance surgical planning and execu-
tion, and in doing so, reduces operating room time. While
prospective data are needed to better structure and define the
financial value of 3D printing, it is important to benchmark
the literature to date that does describe the value, potential



TABLE 3. Costs Associated with 3D Printing from Authors’ Institutional Data (DHB and PKW) Derived from 10 Total 3D Printed Models or Guides, Allocated as “Simple” or “Com-
plex” (Definitions in the “comments” Column)

Variable Cost (USD) Cost Descriptor Comments

3D printer $12,000 Initial investment Varies considerably from $150 to >$500,000. Examples from this institutional data were
from three printers that cost $2000, $4000, and $6000, respectively.

Segmentation software $20,000/yr Fixed annual cost Commercial 3D printing segmentation software $20,000. The RSNA 3D Printing Special
Interest Group recommends using FDA approved software (4).

Personnel (salary or time
allocation)

$120,000/yr (derived from
% effort of salary)

Biomedical engineers with radiologist approval in current example. Segmentation can be
performed by biomedical engineers, imaging scientists, radiologic technologists, non-
radiology physicians, and radiologists.

“Simple”models or
guides, n = 6

$119 (mean of 6 cases;
calculated from cost of
material and period of
allocated time)

Variable cost dependent
on volume and provider
requests

“Simple”models or guides were defined as anatomic models or guides that consistent of
one segmented and printed part, one material, and one color. Example: femoral head
model.

Material
cost/case: “Simple”

Segmenting
time/case: “Simple”

Interacting with
printer and model
processing/case:

“Simple”
$5 101 min 55 min

“Complex”models or
guides, n = 4

$320 (mean of 4 cases;
calculated from cost of
material and period of
allocated time)

“Complex”models or guides were defined as anatomic models or guides that consistent
of more than segmented and printed part; alternatively more than one material or color.
Example: renal mass model consisting of tumor, renal parenchyma, renal artery, renal
vein, and collecting system.

Material
cost/case: “Complex”

Segmenting
time/case: “Complex”

Interacting with
printer and model
processing/case:

“Complex”
$31 143 min 149 min
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TABLE 4. Results of Literature Search Initially Queried From the Referenced Systematic Review (9) and Secondarily Reviewed and
Analyzed in the Present Study with the Inclusion Criteria of at Least 10 Patients Where a 3D Printed Anatomic Model or Surgical
Guide was Used in Operative Planning or Performance and the Presence of a Control Group with at Least 10 Patients

3D Printed Anatomic Model Studies

Study Area of Focus Operative Minutes Saved
in Experimental Groups
Compared to Control
Group

Patients in
Experimental
Group

Patients in Control
Group

1 Sieira Gil et al. (17) Oral and maxillofacial �41 10 10
2 Xu et al. (18) Oral and maxillofacial �17 24 21
3 de Farias et al. (19) Oral and maxillofacial �84 17 20
4 Hanasono et al. (20) Oral and maxillofacial �102 38 183
5 Zhang et al. (21) Oral and maxillofacial �85 11 24
6 Zhang et al. (22) Orthopedics �78 11 11
7 Yang et al. (23) Orthopedics �28 50 76
Overall (n = 7) mean (median); p value �62 (�78); p< 0.001 23 (17) 49 (21)
Oral and maxillofacial (n = 5) mean (median); p value �66 (�84); p = 0.003 20 (17) 52 (21)
Orthopedics (n = 2) mean (median); p value �53 (�53); p = 0.04 31 (31) 44 (44)

3D Printed Surgical Guide Studies

Study Area of Focus Operative Minutes Saved
in Experimental Groups
Compared to Control
Group

Patients in
Experimental
Group

Patients in Control
Group

1 Sieira Gil et al.* (17) Oral and maxillofacial �42 10 10
2 Xu et al.* (18) Oral and maxillofacial �17 24 21
3 Hanasono et al.* (20) Oral and maxillofacial �102 38 183
4 Zhang et al.* (22) Orthopedics �78 11 11
5 Toto et al. (24) Oral and maxillofacial �172.7 25 12
6 Hsu et al. (25) Orthopedics �12 42 29
7 Chareancholvanich et al. (26) Orthopedics �5.1 40 40
8 Abane et al. (27) Orthopedics �6.3 59 67
9 Barrack et al. (28) Orthopedics �11 100 100
10 Barrett et al. (29) Orthopedics �5.2 66 86
11 Boonen et al. (30) Orthopedics �10 39 40
12 Boonen et al. (31) Orthopedics �5 90 90
13 Ferrara et al. (32) Orthopedics �22.3 15 15
14 Gan et al. (33) Orthopedics �15 35 35
15 Hamilton et al. (34) Orthopedics 4.3 26 26
16 Kassab and Pietrzak (35) Orthopedics �16.7 270 595
17 Kerens et al. (36) Orthopedics 5 30 30
18 Nankivell et al. (37) Orthopedics �4 40 45
19 Noble et al. (38) Orthopedics �6.7 19 15
20 Nunley et al. (39) Orthopedics �12.1 57 57
21 Pfitzner et al. (40) Orthopedics �15.5 60 30
22 Pietsch et al. (41) Orthopedics �12 40 40
23 Rathod et al. (42) Orthopedics �18 15 14
24 Renson et al. (43) Orthopedics �8.9 71 60
25 Roh et al. (44) Orthopedics 12.8 50 50
Overall (n = 26) mean (median); p value �23 (�12); p = 0.006 51 (40) 68 (40)
Oral and maxillofacial (n = 4) mean (median); p value �83 (�72); p = 0.05 24 (25) 57 (17)
Orthopedics (n = 21) mean (median); p value �12 (�10); p = 0.004 56 (40) 70 (40)

The negative values in the “Operative minutes saved” column denote minutes saved while positive values denote added time with the 3D
printed construct (references (34,36,44)).
* = studies are included both in the anatomic model and surgical guide groups.
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TABLE 5. One-Year Projected Gross and Net Savings by Using 3D Printed Anatomic Models and Surgical Guides in Patient Care fo axillofacial and Orthopedic Indications

Gross Savings Chart � Annual Total Gross Savings at Low Utilization (5% of Cases)/High Utilization (2 of Cases)

3D Printed Construct—Specialty Total Hours Saved/Year Savings at $62 USD Per Min Savings at $22 USD er Min Savings at USD $133 Per Min

Low (5%) High (20%) Low (5%) High (20%) Low (5%) High 0%) Low (5%) High (20%)

Anatomic models � oral and maxillofacial 28 hours/112 hours $104,160/$416,640 $36,960/$147, 0 $223,440/$893,760
Surgical guide � oral and maxillofacial 35 hours/141 hours $130,944/$523,776 $46,464/$185, 6 $280,869/$1,123,584
Anatomic models � orthopedics 36 hours/143 hours $132,618/$530,472 $47,058/$188, 2 $284,486/$1,137,943
Surgical guides � orthopedics 8 hours/32 hours $29,760/$119,040 $10,560/$42,2 $63,840/$255,360

Net Savings Chart � Annual Total Net Savings at Low Utilization (5% of Cases)/High Utilization (20% of Cases)

Technique Cost Total Cost Anesthesia Cost/Min Anatomic Models � Oral
and Maxillofacial

Surgical Guide � Oral
and Maxillofacial

A tomic Models �
Orthopedics

Surgical Guides �
Orthopedics

Low (5%) High (20%) Low (5%) High (20%) Low 5%) High (20%) Low (5%) High (20%)

$119 per “simple”
model or guide

Low use (5% of
cases) = $3029)

Savings at: $62/min $101,131/$404,526 $127,915/$511,662 $ 9,589/$518,358 $26,731/ $106,926

High use (20% of
cases) = $12,114

Savings at: $22/min $33,931/$135,726 $43,435/$173,742 4,029/$176,118 $7531/$30,126
Savings at: $133/min $220,411/$881,646 $277,867/$1,111,470 $2 1,457/$1,125,828 $60,811/ $243,246

$320 per “complex”
model
or guide

Low use (5% of
cases) = $8144)

Savings at: $62/min $96,016/$384,064 $122,800/$491,200 $ 4,474/$497,896 $21,616/ $86,464

High use (20% of
cases) = $32,576

Savings at: $22/min $28,816/$115,264 $38,320/$153,280 8,914/$155,656 $2416/$9664
Savings at: $133/min $215,296/$861,184 $272,752/$1,091,008 $2 6,341/$1,105,367 $55,696/$222,784

Data are group for both “low” and “high” use of 3D printed anatomic models or surgical guides. A low utilization rate was defined as using D printed constructs in 5% of the surgical cases
and a high utilization rate was defined as use in 20% of cases. “Simple” and “complex”models are derived from authors’ institutional data an efined in Table 3.
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Figure 1. Cost-savings from operative room time saved plotted for the individual studies defined in Table 4, including 3D printed anatomic
models (a) and surgical guides (b) used in patients’ operative care compared to a control group. The $22, $62, and $133 USD/minute are col-
lective data from the reference study reporting range of operating room time/minute in the United States (14). Note that standard deviation is
not presented via error bars due to scale and overlap of the data points.

Figure 2. Breakeven point of 3D printed anatomic models and surgical guides. The breakeven point for 3D printed constructs used in patient
care at an operating room cost at $62/minute is 63 models or guides/year (1.2 models or guides/week). Breakeven point was calculated by the
following formula = fixed costs/(cost-savings from 3D printed constructs per case � variable costs of the models or guides. The fixed and vari-
able cost data are presented in Table 3.
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cost-savings, and effect on patient outcome with 3D printed
anatomic models used for preoperative planning. The present
study highlights that potential cost-savings can be substantial.

The current study relied on a previously published system-
atic review (9) that queried studies through December 2015.
This identified only maxillofacial and orthopedic studies that
fit the present studies inclusion criteria. The use of 3D printed
anatomic models, surgical guides, and implants are indeed
skewed with higher levels of evidence with maxillofacial and
orthopedic focuses. This is best reflected in a recent systematic
review that profiled all published randomized controlled trials
in 3D printing (53). These total 21 in number, and all have
either an oral and maxillofacial or orthopedic surgery focus.
The distribution of these 21 studies includes 11 surgical guide
studies, 7 anatomic model studies, and 3 implant studies, simi-
lar to the present study’s identification of 25 surgical guide
8

studies, 7 anatomic model studies, and the 2 implant studies
that were excluded from analyses. Of note, none of the que-
ried randomized trials were performed in the United States.
Another study summarizes 92 different international clinical
trials from varying registries and in different stages of comple-
tion. China leads in the number of 3D printing-related clini-
cal trials with 42 (46% of the total; 42/92) followed by the
United States with 13 (14% of the total; 14/92) (54). Further
reflecting the orthopedic and oral and maxillofacial predomi-
nance, orthopedic surgery has the largest proportion of regis-
tered trial (25 trials; 27% of the total; 13/92), followed by
dentistry (13 trials; 14% of the total; 25/92) and oral and max-
illofacial surgery (10 trials; 11% of the total; 10/92) (54).

However, studies in different disciplines demonstrating the
effect of 3D printed constructs in procedural time have been
reported since the referenced systematic review’s December
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2015 literature search (9), including studies focusing in vascu-
lar surgery (55), interventional cardiology (56), and congeni-
tal heart disease (57). Torres and De Luccia (55) reported a
cohort of patients undergoing elective abdominal aortic
aneurysm repair where they prospectively changed their prac-
tice and deployed endovascular stents in an anatomic model
preoperatively in 25 patients and compared it to a historical
control of 30 patients the year prior to employing anatomic
models. The patients with preoperative rehearsal on anatomic
models had significantly less operative and fluoroscopic time
along with a significantly lower volume of contrast needed
during the procedure. Specifically, the operative time was a
mean 85 minutes less compared to the control group. Simi-
larly, Obasare et al. (56) changed their practice from primarily
profiling cardiac anatomy with echocardiography to cardiac
computed tomography and anatomic models before left atrial
appendage closure procedure. In comparison to the control
group (9 patients), their anatomic model group (13 patients),
had a significantly shorter procedural time (mean 37 minutes
shorter), anesthesia time, and fluoroscopy time along with
significantly fewer peridevice leak events. Ryan et al. (57)
reported a cohort of 33 pediatric patients with congenital
heart disease and other indications for cardiothoracic surgeries
that had their preoperative planning facilitated by anatomic
model. They compared those 33 patients to a historical-
matched cohort of 113 cases and showed a mean 9-minute
reduction in operating room time, although this did not
achieve statistical significance. Although the data in the pres-
ent study all had orthopedic or maxillofacial focus that was
not intentional but merely reflective of the available data, the
reported mean operating room time saved of 85 minutes in
endovascular aortic surgery (55), 37 minutes in interventional
cardiology procedure (56), and 9 minutes in cardiothoracic
surgery (57) would results in cost-savings when extrapolated
to the present study’s financial model. Using the mean $62/
minute, the cost-savings would be $5270, $2294, and $558,
respectively. These single study metrics of mean procedural
time differences require further studies, each in their respec-
tive surgical or procedural discipline.
Limitations to the current study include using different var-

iables from prior studies at different time points and theoreti-
cal design of the scenarios. The varied number of sources
may limit the generalizability of the data; however, the mod-
els and concepts used in the present study may serve as a tem-
plate to report cost-savings when 3D printing is used in a
cohort of patients compared to a control group. As previously
mentioned, a published systematic review (9) was used as the
reference for studies and its literature search is dated, through
December 2015, and new studies in disciplines other than
maxillofacial and orthopedics have published studies demon-
strated a time saved benefit (55�57). Performing an updated
systematic review of the 3D printing literature is certainly
warranted, but that was outside the primary purpose of the
present study. The present study did not systematically evalu-
ate patient characteristics or specific surgical indications, limit-
ing its generalizable to specific orthopedic and maxillofacial
applications; however, our underlying purpose was to create
a general financial analysis and the dichotomization of the
cohorts limited only to orthopedic and maxillofacial applica-
tions was unintentional. Rather, we aimed to provide those
interested in establishing a 3D printing lab or increasing their
volume, especially given the recently implemented category
III CPT codes, financial understanding through our theoreti-
cal cost analyses. The current study is limited to orthopedic
and maxillofacial applications. Three-dimensional printed
anatomic models have shown value in cardiovascular, uro-
logic, and other applications and future studies detailing stud-
ies that quantify operating room time saved may benefit from
similar economic analyses. Furthermore, the present study
dichotomized 3D printed constructs into anatomic models or
surgical guides, and several studies qualified as both. Detailed
patterns of the operative patterns were not objectively evalu-
ated in the present study and cost metrics from individual
cohorts was not incorporated into the analysis; anecdotally,
the latter was infrequently available. The mean operating
room time of $62/min reflected national survey data col-
lected from 2005 (15). Although the Shippert had the under-
lying purpose to determine the mean operating room time in
the United States to serve as a metric of potential per minute
costs savings, the author used three common aesthetic surgical
procedures to CPT codes for the model of operating room
cost. Although data based on aesthetic general surgical proce-
dures may limit the generalizability to other surgical proce-
dures, this reference study was the most cited study of
operating room cost (from Google Scholar data) according to
our literature search. Although adjustment for inflation is
only partially presented (Table 2), operating room cost may
vary substantially from region to region; more recent data
from a 2018 publication (58) estimated operating room cost
in California from fiscal year 2014 was $36�$37/min. The
calculated $150,000 annual operational cost did not account
for initial investment in starting a laboratory, which may
vary substantially across 3D printing laboratories. Opera-
tional costs would include the cost of at least one printer,
which would contribute to fixed costs as straight-line depre-
ciation across its useful life, assumed at 5�7 years depending
upon the quality of the printer. The cost of initial purchas-
ing of a printer, allotting laboratory space, training, hiring or
allocating personnel to perform the technical component of
producing the model are among the current challenges to
radiology departments implementing 3D printing services
(Table 3) (6,7). If these initial investments are accounted for
in operational costs, the breakeven point would be higher.
In the current study, we did not include an estimate as the
formation of the authors’ 3D printing lab included repur-
posing space and resources and a true initial investment
could not be accurately estimated. The cost and variety of
printing simple and complex models and guides also may
have substantial variability among different practices. Seg-
menting and fabricating models can be a timely expenditure,
and lack of reimbursement is partly what has kept 3D print-
ing from expanding clinically.
9
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In conclusion, the potential cost-savings for using 3D
printed models and surgical guides for patients’ operative care
can be substantial. The present study used previously pub-
lished data (9,15�44) to illustrate the potential value 3D
printing can offer in terms of reducing the number of operat-
ing room minutes, using studies published with maxillofacial
and orthopedic focuses. Studies to validate these analyses
using single- and multiple institutional data are needed given
the heterogeneity of sources used for analysis. Nevertheless,
the present study’s literature-based financial analyses demon-
strate surrogates of value and financial feasibility of 3D print-
ing in preoperative planning and saving intraoperative time.
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