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Background: Open tibial fractures are a cause of substantial orthopaedic morbidity in low- and middle-income countries.
These injuries represent a substantial cost burden to both individual patients and society because of their high propensity
for complications, such as infection, nonunion, and malunion. External fixation and intramedullary (IM) nailing are both
utilized for definitive treatment of open tibial fractures, but given the differences in cost and lack of clear superiority of
intramedullary nailing, cost-effectiveness becomes important to consider in low- and middle-income countries. The pre-
sent study aimed to examine the cost-effectiveness of IM nailing versus external fixation within Tanzania.

Methods: This study utilized data from a randomized controlled trial conducted at a single tertiary hospital in Dar es
Salaam, Tanzania. Direct cost data were collected via an internal audit of operating costs and hospital staff time. Indirect
costs data were collected from patients in a long-term follow-up study assessing total lost work. A Markov model was
utilized to run the cost-effectiveness simulations. The primary outcome was the incremental cost-effectiveness ratio
(ICER) over a lifetime time horizon. Both the payer and societal perspectives were considered. To account for uncertainty,
both 1-way and probabilistic sensitivity analyses were performed.

Results: From the payer perspective, the cost of external fixation ($396 USD) was lower than that of IM nailing ($529),
primarily because of shorter operative times. However, IM nailing was associated with more quality-adjusted life-years
(QALYs). From the payer perspective, the ICER was $499 per QALY with a donated nail and $701 per QALY with a
purchased locally available nail. From the societal perspective, the ICER was lower among patients undergoing IM nailing,
at $70 per QALY, largely because of shorter recovery times.

Conclusions: From both the payer and the societal perspective, IM nailing is considered highly cost-effective on the basis
of the World Health Organization willingness-to-pay thresholds. This finding was consistent whether the IM nail was
donated or purchased from local suppliers. These results are likely generalizable to other tertiary referral centers in low-
and middle-income countries.

Level of Evidence: Economic Level II. See Instructions for Authors for a complete description of levels of evidence.

O
pen tibial fractures are a cause of substantial morbidity
in developing countries because of their increasing
incidence, which is driven by a global rise in road

traffic accidents in these settings1,2. Open tibial fractures are
surgical emergencies that require urgent treatment, including

early systemic antibiotic prophylaxis, surgical wound debride-
ment, soft-tissue coverage, and osseous stabilization3,4. Even
with appropriate and timely treatment, open tibial fractures
have a high risk of complications, with infection rates of up to
40%. Osseous nonunion can also occur, which can require
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reoperation or even amputation5-7. These injuries also have
substantial economic impact on both individual patients and
health systems at large, with up to 25% of patients not able to
return to work at 1 year postoperatively8.

Intramedullary (IM) nailing and external fixation (EF)
are both acceptable treatment options for definitive stabiliza-
tion of open tibial fractures. Recent meta-analyses comparing
these treatment options have favored IM nailing due to its
lower rates of malunion and reoperation9,10. Conversely, a study
performed by our group in Tanzania demonstrated no differ-
ence between the 2 treatment options in terms of infection or
nonunion, but with better health-related quality of life, align-
ment, and radiographic healing following IM nailing11.

The cost difference between IM nailing and EF is another
important consideration. Orthopaedic surgeons in resource-
austere environments around the world have suggested that
implant cost plays a substantial role in treatment decisions12,13.
In certain contexts, patients and their families must purchase all
necessary implants prior to surgery, which adds a substantial
cost burden and sometimes delays treatment. In these envi-
ronments, EF is generally more readily available because of the
cheaper components and less resource-intensive implementation
process14. In addition to comparing implant costs, it is important
to consider the substantial other costs involved with open tibial
fractures, including the cost of the operation, length of hospi-
talization, length of follow-up, and lost productivity for patients
as they heal15. Although IM nailing device costs tend to be higher
than EF costs, EF often requires multiple operations, which can
reduce any potential cost savings.

Given the lack of clear superiority of either treatment over
the other and the known differences in cost, cost-effectiveness
becomes important to consider from both the payer and societal
perspectives. We sought to compare the cost-effectiveness of IM
nailing versus EF in Tanzania utilizing data obtained from a prior
randomized trial and projected over time with use of a Markov
model.

Materials and Methods

This secondary analysis utilized data collected in a prior
randomized controlled trial conducted at a tertiary referral

hospital in Dar es Salaam, Tanzania11. The initial trial data,
including clinical outcomes, quality of life, and complications,
were collected between December 2015 andMarch 2017, whereas
long-term follow-up data were collected from January 2020
through February 202111,16. Adult patients with OTA/AO type-42
open tibial fractures17, Gustilo Types 1 through 3A, presenting
within 24 hours were randomized to receive either a hand-
reamed IM nail or a uniplanar external fixator. Patients who
required flap coverage or who had a vascular injury were ex-
cluded. Patients attended follow-up appointments at 2, 6, 12, 26,
and 52 weeks, at which clinical outcome data, health-related
quality of life (EuroQol-5 Dimensions index [EQ-5D]), and
employment information were collected. The study utilized
hand-reamed solid interlocking nails (SIGN Fracture Care
International) or uniplanar external fixators with 2 Schanz pins
in both the proximal and distal segments, connected by a single

stainless-steel bar (Samay Surgical). A long-term follow-up
study was conducted in which patients from the original trial
were evaluated 3 to 5 years postoperatively in order to assess
health-related quality of life, subsequent procedures, and work
status16. Ethical approval was obtained for both studies from the
North American institution and the Tanzania National Institute
for Medical Research (NIMR).

Model Parameters
To project the outcomes of the clinical trial beyond the study
follow-up period, a Markov model was created. The model
contained 3 types of parameters: costs, utilities, and probabil-
ities. The direct medical expenditures contained in our model
included those for personnel time, medical supplies, operative
supplies, medications, and surgical implants. Because these
costs were not recorded during the initial randomized trial
comparing EF and IM nailing, these data were gathered from a
separate cohort of patients enrolled in a clinical trial at the same
site evaluating the use of local antibiotics to prevent infection in
open tibial fractures that were suitable for fixation and pri-
mary closure (i.e., the pGO-Tibia trial)18. For this separate
trial, a time and motion analysis was conducted in which all
personnel involvement and supply usage were directly observed
by a research coordinator, including the amount of time each
member of the care team (i.e., anesthetist, attending surgeon,
resident physician, nurse, radiologist, radiologist technician,
and hospital assistant) spent conducting patient care. Person-
hours for each personnel type were summed separately for
both the operating room, including perioperative and post-
operative times, and the remaining hospital stay. Average sal-
aries for each position were obtained from the hospital and
used to calculate the total cost of care for each patient. All cost
data were collected within 1 year of the health utilities and
outcome data. No reoperation cost data were available in Af-
rica; thus, estimates were based on a review of literature in
other contexts, which showed costs of reoperation for a major
complication ranging from 2 to 6.5 times those of the index
operation19-21.

The quantities of all medical supplies and medications
were similarly observed and recorded. Costs for each item were
obtained from the hospital invoice list. Hospital overhead costs
were accounted for by using the “ratio of costs to charges”
method, in which the annual hospital expenditures for addi-
tional staff and resources are used to estimate the cost per
patient for the average length of stay.

The cost of surgical implants was obtained directly from
the suppliers. From the payer perspective, hospital charges were
used to determine the cost of the implant. The societal per-
spective considered the implant’s total cost of production for a
health system. The IM nails used in the study were supplied by
SIGN Fracture Care International (SIGN), a nonprofit company
that manufactures and donates implants and instrumentation
to participating programs in low- and middle-income coun-
tries, and by Samay Surgical. Donated implants were considered
free from the payer perspective, whereas from the societal
perspective, the actual manufacturing cost and provision of the
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implant to the patient were used. The external fixators used in
the study were manufactured by Samay Surgical, an Indian
company. Based on local practice, we assumed that the external
fixator bars and clamps would be reused 3 times. The cost for
the Samay external fixator was used for calculations from both
the payer and societal perspectives. To allow for a more realistic
comparison, we also used the cost of a Samay-manufactured IM
nail rather than the SIGN nail in a sensitivity analysis from the
payer perspective. Instrumentation costs were assumed to be
equal between both groups and were approximated with an
instrument lifetime of 10 years with 300 uses per year.

The indirect expenditures contained in our model in-
cluded the lost productivity of the patient prior to returning to
work. This measure of lost productivity was obtained during the
long-term follow-up of the original IM nailing versus EF trial16.
All patients who reported being employed, either formally or
informally, prior to their injury were asked when they returned
to work after their initial injury. The final costs of lost pro-
ductivity for the patients were calculated using the standardized
wage for Tanzania in 2018 U.S. dollar (USD) equivalents.

The utilities of the potential model outcomes and their
probabilities of occurrence were obtained from the IM nailing
versus EF trial and its long-term follow-up11,16. Utilities were
estimated across the follow-up time points using the EuroQol-
5D data11. The disutility of reoperation was estimated to be 0.2,
which implies a 2-month period of severely impaired quality of
life and is consistent with arthroplasty literature22,23. Finally,

age-adjusted life tables for Tanzania were obtained from the
World Health Organization (WHO) Global Health Observa-
tory data repository and were used for the probability of death
in our model24.

Economic Model
The Markov model was created using TreeAge Pro 2022 (Tree-
Age Software) to represent our scenario considering IM nailing
versus EF (Fig. 1). For each treatment strategy, the hypothetical
cohort could enter 1 of 3 states in the first year: the uncompli-
cated group, the complicated group, or death. After the first year,
patients remained in the uncomplicated group or entered either
the resolved complication or unresolved complication group. All
groups were maintained after this until patients entered the
death state in their respective group. Discounting was applied
using the standard 3% per year25. All costs were adjusted for
inflation and converted to 2018 U.S. dollars for ease of inter-
pretation. The cycle length was 1 year.

Themodel was run from both the payer (excluding indirect
costs) and societal (including indirect costs) perspectives using
a fee-for-service assumption based on the typical health-care
system in Tanzania. To account for the alternative scenario in
which a donated SIGNnailwas not available, the payer perspective
was also evaluated using the cost for a tibial IM nail provided by
Samay Surgical. The primary outcome was the incremental cost-
effectiveness ratio (ICER) over a lifetime time horizon.

For the purposes of our economic model, the willingness-
to-pay threshold was set according to the 2005 cost-effectiveness
guidelines by theWHO. TheWHOdefines the cost-effectiveness
of an intervention at 3 levels according to a country’s gross

Fig. 1

Markov model.

TABLE I Patient Characteristics of the Original Study
Population11*

IM Nailing
(N = 110)

EF
(N = 108)

Age (yr) 33.4 ± 11.9 31.7 ± 9.6

Male sex 97 (88.1%) 89 (82.4%)

No formal employment 90 (81.8%) 80 (74.1%)

Current smoker 16 (14.5%) 24 (22.2%)

Current alcohol use 45 (40.9%) 35 (32.4%)

Body mass index (kg/m2) 25.2 ± 5.2 24.7 ± 4.6

Diabetes mellitus 7 (6.4%) 1 (0.9%)

No medical insurance 87 (79.1%) 90 (83.3%)

OTA/AO classification

Type A 36 (32.7%) 35 (32.4%)

Type B 33 (30.0%) 28 (26.0%)

Type C 9 (8.2%) 8 (7.4%)

Wound length (cm) 3.7 ± 2.7 3.7 ± 2.4

*Values are given as the mean ± standard deviation or as the count
with the percentage in parentheses. IM = intramedullary, EF =
external fixation.
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domestic product (GDP) per capita26,27. An intervention was
considered highly cost-effective if it was <1 times the GDP per
capita, cost-effective if it was <3 times the GDP per capita, and
not cost-effective if it was >3 times the GDP per capita. Ac-
cording to the World Bank, the GDP per capita for Tanzania in
2021 was $1,099 USD; thus, that value was set as the willingness-
to-pay threshold.

One-way and multivariable sensitivity analyses were per-
formed. A 1-way sensitivity analysis was used to evaluate the
impact of implant costs. To assess the cost-effectiveness based on
the values of multiple variables simultaneously, a probabilistic
sensitivity analysis was performed with 10,000 iterations. In a
probabilistic sensitivity analysis, variables are represented as dis-
tributions rather than point estimates, thereby creating a range of
potential ICERs. Beta distributions were used for probabilities
and utilities, and gamma distributions were used for costs.

Results

Most of the model parameters for utilities, complication
rates, and resolution rates were derived from the trial

assessing EF versus IM nailing for the treatment of open tibial
fractures conducted by Haonga et al11. The demographics for
this study cohort can be found in Table I. A long-term follow-
up study evaluating outcomes and return to work beyond the
original 1-year follow-up was conducted by Cortez et al16. This
additional study was able to contact 52.5% of the original
participants, and no differences were found between the con-
tacted group and the lost-to-follow-up group across key demo-
graphic and injury characteristics.

The model parameters for costs, utilities (indicating ef-
fectiveness), and probabilities of outcomes can be found in
Table II. Operative costs for IM nailing tended to be higher
because of the longer operative time required for insertion of
the implant. However, patients treated with IM nailing tended
to have shorter lengths of hospital stay and less lost productivity
compared with patients treated with EF. The utilities at 1 year
appeared nearly equivalent, but patients in the IM nailing
group tended to have a faster recovery of quality of life com-
pared with the EF group (Fig. 2). Finally, the IM nailing group
had a slightly lower probability of a complication and were

TABLE II Inputs for the Markov Model

IM Nailing EF Data Sources

Costs* (USD)

Direct costs

Operative supplies (excluding
implant)

161 ± 9 108 ± 18 Time and motion analysis

Operative personnel 110 ± 9 104 ± 21 Time and motion analysis

Hospital ward personnel 36 ± 2 43 ± 5 Time and motion analysis

Implant 0‡ 34§ SIGN and Samay

Reoperation costs† 2-6.5 2-6.5 19-21

Indirect costs

Lost productivity: uncomplicated 2,513 ± 121 2,578 ± 85 16

Lost productivity: complication 2,807 ± 271 3,285 ± 412 16

Utilities*

1st year: uncomplicated 0.80 ± 0.13 0.78 ± 0.14 11

1st year: complicated 0.64 ± 0.14 0.62 ± 0.21 11

Ongoing utility: uncomplicated 0.99 ± 0.01 0.99 ± 0.01 16

Ongoing utility: resolved complication 0.98 ± 0.02 0.97 ± 0.02 16

Ongoing utility: unresolved complication 0.86 ± 0.09 0.80 ± 0.15 16

Disutility of reoperation 20.2 20.2 22,23

Probabilities*

Probability of death Variable Variable Age-adjusted life tables
from WHO Global Health
Observatory data repository

Probability of complication 21.8% ± 0.9% 23.5% ± 0.9% 11

Probability of complication resolution 83.3% ± 6.8% 40.0% ± 14.1% 11

Probability of reoperation 27.7% ± 3.7% 22.0% ± 3.8% 11

*Values for cost data other than reoperation costs are given as the mean ± the standard error of themean or as a fixed value. Values for utility and
probability data are given as the mean ± standard deviation or as a fixed value, except for the probability of death. †Reoperation costs are rep-
resented as a multiplier range that is based on the cost of the index procedure.‡Costs were $0 for a donated SIGN nail, $31 for a Samay nail, and
$168 for production of a SIGN nail. §Cost of $34 includes the payer and society costs for a single use of the EF set.
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more likely to have a resolution of their complication than the
EF group (Table II).

Outputs of the model can be found in Table III. From the
payer perspective, with a donated SIGN nail, the EF treatment

option cost less ($396 versus $529) but was less effective (21.6
versus 21.3 quality-adjusted life-years [QALYs]). The ICER
from the payer perspective was $499 per QALYwith the donated
SIGN nail and $701 per QALY with the purchased Samay nail.

Fig. 2

EuroQol-5 Dimensions (EQ-5D) over time. A.U.C. = Area between the EQ-5D outcomes from IM and EF.

TABLE III Incremental Cost-Effectiveness and Net Monetary Benefit*

Procedure
Cost
(USD)

Incremental
Cost (USD)

Effectiveness
(QALY)

Incremental
Effectiveness

(QALY)
ICER

(USD/QALY)
Net Monetary
Benefit (USD)

Payer perspective

SIGN IM nail (nail cost, $0) 2$396.23

External fixation $396 21.3 2$528.67

IM nailing $529 $132.4 21.6 0.27 $499

Samay IM nail (nail cost, $31)

External fixation $396 21.3 2$396.23

IM nailing $582 $185.8 21.6 0.27 $701 2$582.03

Societal perspective

External fixation $3,025 21.3 2$3,024.52

IM nailing (nail production cost,
$168)

$3,043 $18.6 21.6 0.27 $70 2$3,043.12

*ICER = incremental cost-effectiveness ratio.
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From the societal perspective, in which indirect costs included
the full production costs of the implant, the ICER was $70 per
QALY.

Sensitivity analyses were performed for implant costs.
One-way sensitivity analysis for the cost of the IM nailing
demonstrated that with a willingness-to-pay of $1,099 USD
(the GDP per capita of Tanzania), a cost of up to $442 would be
acceptable (Fig. 3). A probabilistic sensitivity analysis with this
willingness-to-pay threshold favored IM nailing in 60.0% of
iterations (Fig. 4).

Discussion

The aim of this study was to assess the cost-effectiveness
of IM nailing versus EF for the treatment of diaphyseal

open tibial fractures in a resource-limited setting. Utilizing
the WHO willingness-to-pay threshold for Tanzania ($1,099),
IM nailing had an ICER value consistently below this thresh-
old and thus was cost-effective compared with EF from
both the payer and societal perspectives with all evalu-
ated implants. However, there was considerable uncertainty
surrounding these findings in the probabilistic sensitivity
analysis because of the relatively modest clinical benefits of
IM nailing versus EF and because the original trial was
underpowered.

To our knowledge, the present study is the first to evaluate
the cost-effectiveness of IM nailing versus EF for the treatment of
diaphyseal open tibial fractures over a multiyear time horizon in a
low-resource environment. The results of this study are impor-
tant, as complications resulting fromopen tibial fractures can have
effects that last for years, if not for the remainder of a patient’s
life28. These results reinforce preliminary findings from Tanzania,
which suggested that IM nailing may indeed be more cost-
effective than EF29. These findings are also consistent with a meta-
analysis conducted by Fu et al. in a high-resource environment,
which showed favorable results for IM nailing over EF in the
treatment of open tibial fractures30. The preference of our model
for IM nailing stems largely from the faster recovery and return to
work compared with EF; however, the quality-of-life benefit of IM
nailing over EF was not significant over long-term follow-up.

The present study had several limitations. Our results
are dependent on the accuracy of the model inputs collected
during the previously mentioned clinical studies. Some varia-
bles, such as the cost of reoperation, were not collected during
those studies and were estimated according to the best available
literature. Long-term estimates of quality of life were limited by
a low rate of long-term follow-up (;50% at 3 to 5 years). Not
all costs were adequately accounted for, including outpatient
costs of care and indirect costs such as lost work for caregivers.

Fig. 3

One-way sensitivity analysis of the cost of the intramedullary nail. WTP = willingness-to-pay.
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Perhaps most importantly, the sample size of the original trial
was too small tomake estimates ofmodel parameters with a high
degree of accuracy. We attempted to address this uncertainty by
utilizing sensitivity analyses, which showed 60% confidence in
themajor conclusion of the study. The EQ-5D has a ceiling effect
and may thus not have captured important differences, such as
the effect of the higher rate of malunion observed in the original
study with EF. Cost data were not gathered in the original trial
and had to be estimated from a later trial evaluating local anti-
biotics. Because the method of fixation was not randomized in
the subsequent trial, there may have been confounding bias in
direct cost estimates.

There were several important assumptions made in the
modeling process. First, many of the subtle differences in
outcomes, such as between an infected nonunion versus an
aseptic nonunion, could not be addressed because of the
sample size. These outcomes were thus lumped together as
major complications and considered to be either resolved or
unresolved based on the results of the long-term follow-up
of the original clinical trial. The outcomes beyond 3 to 5
years were assumed to be unchanged, which also may not
be accurate. Finally, our model utilized cost estimates from
only third-party suppliers as there was no local producer
of orthopaedic implants. As surgical demand and capacity

continue to grow, future local manufacturers may have dif-
ferent charges that would affect any new models.

In conclusion, IM nailing for the treatment of open tibial
shaft fractures appears to be a highly cost-effective treatment
strategy relative to EF in Tanzania, assuming a willingness-to-
pay threshold of $1,099 (the per capita GDP of that country).
This is relevant to in-country stakeholders and physicians who
are treating these injuries, as it justifies the slightly higher initial
costs to obtain long-term benefits. The benefits of IM nailing
were driven by early improvements in quality of life and by cost
savings related to an earlier return to work. However, these
benefits were relatively small, and the sample size of the original
trial was insufficient to make this conclusion with a high degree
of certainty; thus, future larger trials are needed. n
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Cost-effectiveness (CE) acceptability curve. Ex-fix = external fixation.
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