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ABSTRACT Culture of periprosthetic tissue specimens in blood culture bottles is
more sensitive than conventional techniques, but the impact on laboratory workflow
has yet to be addressed. Herein, we examined the impact of culture of peripros-
thetic tissues in blood culture bottles on laboratory workflow and cost. The work-
flow was process mapped, decision tree models were constructed using probabilities
of positive and negative cultures drawn from our published study (T. N. Peel, B. L.
Dylla, J. G. Hughes, D. T. Lynch, K. E. Greenwood-Quaintance, A. C. Cheng, J. N. Man-
drekar, and R. Patel, mBio 7:e01776-15, 2016, https://doi.org/10.1128/mBio.01776-15),
and the processing times and resource costs from the laboratory staff time viewpoint
were used to compare periprosthetic tissues culture processes using conventional
techniques with culture in blood culture bottles. Sensitivity analysis was performed
using various rates of positive cultures. Annualized labor savings were estimated based
on salary costs from the U.S. Labor Bureau for Laboratory staff. The model demon-
strated a 60.1% reduction in mean total staff time with the adoption of tissue inocu-
lation into blood culture bottles compared to conventional techniques (mean �

standard deviation, 30.7 � 27.6 versus 77.0 � 35.3 h per month, respectively; P �

0.001). The estimated annualized labor cost savings of culture using blood culture
bottles was $10,876.83 (�$337.16). Sensitivity analysis was performed using various
rates of culture positivity (5 to 50%). Culture in blood culture bottles was cost-effective,
based on the estimated labor cost savings of $2,132.71 for each percent increase in test
accuracy. In conclusion, culture of periprosthetic tissue in blood culture bottles is not
only more accurate than but is also cost-saving compared to conventional culture
methods.

KEYWORDS diagnosis, laboratory costs, laboratory workflow, prosthetic joint
infection, semiautomated

Arthroplasty surgery is a high-volume procedure, with an estimated 1.4 million
procedures performed in 2015 in the United States (1). Approximately 10% of

patients will require a revision of the prosthesis. Indications for arthroplasty revision
include mechanical failure, such as dislocation, aseptic failure, and periprosthetic joint
infection (PJI) (1–3). Differentiating the underlying cause of arthroplasty failure can be
challenging, particularly differentiating aseptic failure from PJI; culture of periprosthetic
tissue plays an important role in this assessment. Current recommendations suggest
that a minimum of three and ideally five or six periprosthetic tissue specimens be
submitted for aerobic and anaerobic culture and incubated for a prolonged period to
exclude or confirm a diagnosis of PJI (4, 5).

Received 26 April 2017 Returned for
modification 22 May 2017 Accepted 29 June
2017

Accepted manuscript posted online 12 July
2017

Citation Peel TN, Sedarski JA, Dylla BL,
Shannon SK, Amirahmadi F, Hughes JG, Cheng
AC, Patel R. 2017. Laboratory workflow analysis
of culture of periprosthetic tissues in blood
culture bottles. J Clin Microbiol 55:2817–2826.
https://doi.org/10.1128/JCM.00652-17.

Editor Nathan A. Ledeboer, Medical College of
Wisconsin

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Robin Patel,
patel.robin@mayo.edu.

BACTERIOLOGY

crossm

September 2017 Volume 55 Issue 9 jcm.asm.org 2817Journal of Clinical Microbiology

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

cm
 o

n 
22

 M
ay

 2
02

3 
by

 5
4.

16
5.

25
.3

3.

https://doi.org/10.1128/mBio.01776-15
https://doi.org/10.1128/JCM.00652-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:patel.robin@mayo.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/JCM.00652-17&domain=pdf&date_stamp=2017-7-12
http://jcm.asm.org


In addition to aiding clinical acumen, the microbiological diagnosis of PJI at the time
of revision arthroplasty is critical, as it allows antimicrobial susceptibility testing to
guide anti-infective therapy. Conventional microbiological techniques include culture
of periprosthetic tissue on aerobic and anaerobic agar plates and inoculation into
broths, such as thioglycolate broth (6). Given current recommendations, each patient
undergoing revision arthroplasty should have a minimum of three and ideally five
tissue samples obtained, therefore having at least 15 microbiological media set up
(aerobic and anaerobic agars and one broth) (5). Current microbiological culture
methods require laboratory technologists to periodically remove culture plates and
broths from incubators for manual examination to assess microbial growth for the
duration of incubation, in addition to setting up further cultures or tests for organism
identification and antimicrobial susceptibility in the event of microbial growth. Current
clinical laboratories face staffing challenges to meet this demand, in addition to
economic pressures in a resource-constrained environment (7). The projected increases
in the number of patients requiring revision arthroplasty in the United States and
internationally will further add to the burden on clinical microbiology laboratories
(1, 2, 8).

A focus on laboratory workflow efficiency has led to increasing interest in auto-
mated or semiautomated procedures in clinical microbiology laboratories (7, 9). Inoc-
ulation and culture of periprosthetic tissue specimens into blood culture bottles
represent one such option for semiautomation. Culture in blood culture bottles allows
the automated detection of microbial growth in the bottles, as they reside within the
incubation instrument. An indicator light changes color and/or an auditory signal is
issued when a positive bottle is detected, thereby alerting the laboratory technologist
to remove that bottle for further processing. This method eliminates the need for the
technologist to remove all cultures from incubation at multiple time points, examine
them for growth, and then return the negatives to the incubator, as would be required
using conventional plate and broth approaches. In a recent prospective study under-
taken at our institution involving 369 subjects undergoing revision arthroplasty, inoc-
ulation of periprosthetic tissue specimens into blood culture bottles was associated
with improved sensitivity for PJI diagnosis compared to that with conventional labo-
ratory culture processes (10). In addition, fewer specimens were required for an
accurate diagnosis of prosthetic joint infection than with conventional techniques (11).
These results are similar to those reported by Hughes and colleagues (12). The burden
of this approach, if any, compared to standard methods, on the clinical microbiology
laboratory has not been systematically addressed.

The aim of this study was to compare the time and cost differences associated with
conventional periprosthetic culture methods to culture using blood culture bottles.
Data from our published study (10) formed the basis of this study.

RESULTS

Over the 9-month study period, 369 subjects were studied, with a total of 1,154
periprosthetic tissue samples submitted for microbiological culture and examination
(median, 3 samples per subject; interquartile range, 3 to 3 samples per subject). Based
on observation and interview, process maps for conventional culture techniques and
the semiautomated culture technique using blood culture bottles were developed and
are outlined in Fig. 1 and 2, respectively. The mean timings, standard deviation (SD),
and variance for each process and task are outlined in Table 1. Decision trees for the
semiautomated culture method and the conventional culture method were con-
structed and are shown in Fig. S1 and S2 in the supplemental material, respectively.

Based on the decision tree analysis, the mean number of hours per month for
culture in blood culture bottles was 30.7 (SD, 27.6) compared to 77.0 (SD, 35.3) (P �

0.001) using conventional cultures. The results of the model show a reduction in staff
time of 46.3 h per month, corresponding to a 60.1% reduction, with the adoption
of periprosthetic tissue culture in blood culture bottles (Fig. 3). Extrapolating the
time difference observed in a 12-month period, overall, there would be an esti-
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FIG 1 Process map for conventional culture process.
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FIG 2 Process map for semiautomated culture process using blood culture bottles (BCB).
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mated annual savings of 555.2 (SD, 76.2) h achieved in the study laboratory using
tissue culture in blood culture bottles. Applying the U.S. Labor Bureau estimated
hourly rate of $19.59, this equates to an estimated annual labor cost savings of
$10,876.83 (SD, $337.16).

Undertaking sensitivity analysis, the time and labor cost difference between the
semiautomated and conventional culture techniques decreased as the prevalence of
PJI increased (Fig. 4). If the prevalence of PJI was 5%, the mean annual laboratory staff
costs would be $4,492.54 (SD, $181.76) for the semiautomated culture technique using
blood culture bottles, compared to $18,280.60 (SD, $514.04) with conventional tech-
niques, representing a 75.4% reduction in laboratory staff time costs with the use of
blood culture bottles. When the percentage of positive cultures increased to 50%, the
annual labor cost difference was $8,878.32 (SD, $181.24), representing a 49% reduction
in costs.

The incremental cost-effectiveness ratio (ICER) was �2,132.71, that is, there was an
annual savings of $2,132.71 with every percent increase in test accuracy. This was
similarly illustrated in the cost-effectiveness plane, demonstrating that semiautomated
culture techniques are more accurate and less costly than the conventional culture
technique (Fig. 5). Incorporating the best-case and worst-case scenarios, the ICER
ranged from 5,771.03 to �12,576.51.

TABLE 1 Time for each task according to culture medium

Medium Process Task Time (s) (mean � SD)

Aerobic agar Work up new Retrieve plates and paperwork from incubator 7.7 (4.4)
Evaluate plates and report 39.6 (10.9)
Perform primary workup 158.9 (98.0)

Examine reincubated plates Transfer plates from incubator 2.3 (1.2)
Examine plates (days 2–4) 12.9 (4.8)
Examine and discard plates (day 5) 15.7 (6.5)
Report result (days 2–4) 13.1 (8.1)
Report final result (day 5) 1.2 (0.7)

Anaerobic agar Primary examination Perform primary examination 25.1 (12.4)
Evaluate growth 91.2 (24.3)
Perform and read Gram stain, document findings 115.0 (23.5)

Examine anaerobic Open jars and sort plates 13.9 (12.8)
Negative aerobic plates Examine negative plates (day 7) 24.1 (24.7)
Work up late-positive plate Perform Gram stain 104.3 (48.4)

Read Gram stain, document findings 157.7 (33.1)
Negative plates Examine negative plates (day 14) 22.9 (24.6)

Sort cans and remove from chamber 10.4 (4.0)
Examine negative cans (3 times weekly) 8.3 (2.0)

Thioglycolate broth Primary examination Perform primary examination 25.1 (12.4)
Evaluate growth 91.2 (24.3)
Read Gram stain, document findings 115.0 (23.5)

Examine reincubated broths Examine and pull positive broths 2.1 (0.3)
Work up late-positive broths Perform Gram stain 126.8 (87.7)

Read Gram stain, document findings 364.1 (268.0)
Subculture for aerotolerance testing 122.7 (12.3)

Negative broth Examine and discard negative broths 2.8 (1.6)

Blood culture bottles Positive bottles Pull positive anaerobic bottles 37.7 (6.9)
Assign stain, prepare slide, Gram stain, read and record 1,161.0 (325.5)
Subculture positive bottles 105.3 (33.2)
Pull positive aerobic bottles 28.6 (9.2)
Assign stain, prepare slide, Gram stain, read and record 563.0 (114.0)
Subculture positive bottles 165.4 (50.7)

Aerobic workflow Retrieve subculture plates from incubator 13.7 (12.6)
Examine plates 14.8 (13.0)
Perform primary workup 129.6 (80.7)

Anaerobic workflow Open jars and sort plates 14.0 (12.7)
Perform primary workup 139.6 (40.1)

Negative bottles Discard negative bottles 10.2 (9.1)
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DISCUSSION

Semiautomated blood culture systems have been used in clinical microbiology
laboratories for over 2 decades (13). Originally developed for culturing blood, these
systems have been adapted for culture of body fluids from sterile sites, such as synovial
fluid (14, 15). More recently, inoculation of tissue specimens, such as periprosthetic
tissue specimens, has been investigated by a number of groups; these studies suggest
that compared to conventional cultures, this approach has improved the sensitivity and
rapidity of detection of organisms causing PJI (10, 12, 16, 17). However, the impact of

FIG 3 Process time (hours per month) according to culture technique. Error bars indicate standard deviations.

FIG 4 Sensitivity analysis comparing monthly laboratory staff time (in hours) for the semiautomated and conventional
culture techniques with various prevalences of prosthetic joint infection. Error bars indicate standard deviations.
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this approach on laboratory workflow and cost had not been comprehensively as-
sessed.

In this study, we showed that inoculation of periprosthetic tissue specimens into
blood culture bottles would result in an estimated reduction of 60.1% in the total
laboratory staff time required. Based on the volume of patients undergoing revision
surgery at our institution, this would result in an estimated overall annualized labor cost
savings of over $10,876.83 (SD, $337.16) for the clinical microbiology laboratory. The
semiautomated culture technique is not only less expensive than the conventional
culture technique, but, as shown in our prior study, is also associated with greater
accuracy (10).

In this cohort, one-third of subjects were diagnosed with PJI. The Mayo Clinic,
Rochester, MN, is a referral center for revision arthroplasty, as indicated by the preva-
lence of PJI in the revision arthroplasty cohort (10). This may not be representative, as
other centers, especially those that are not referral centers, may have a lower incidence
of PJI in subjects undergoing revision arthroplasty. However, as demonstrated in the
sensitivity analysis, a decreasing prevalence of PJI would lead to even greater time
savings, as there would be a greater number of negative culture results.

There are little available data examining the impact on laboratory workflow of using
blood culture systems for periprosthetic tissue culture for the diagnosis of PJI. In a
recent study by Bémer et al., methods for culture of periprosthetic tissue specimens

FIG 5 Cost-effectiveness plane demonstrating the incremental cost-effectiveness ratio (ICER; represented by the slope of the line) for the semiautomated
compared to the conventional culture technique. The cost-effectiveness plane demonstrates that the semiautomated technique is associated with lower costs
and greater accuracy. In addition, the sensitivity analysis for 5%, 50%, and observed PJI prevalence is graphed as a scatterplot, demonstrating the range of
potential effect sizes.
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combined inoculation into a pediatric blood culture bottle in addition to Schaedler
broth and blood and chocolate agar plates. In the study by Bémer and colleagues
conducted from 2010 through 2012, the laboratory cost for technical manipulation of
the specimen was estimated to be $5.83 per patient (16). This compares to our estimate
of $12.56 per specimen with conventional culture techniques and $5.01 per specimen
with the use of tissue culture in blood culture bottles based on 2016 labor costs. Details
regarding the methodology used for the cost estimates were not, however, included in
detail in the study by Bémer et al., thereby limiting comparisons.

The number of patients undergoing revision hip or knee arthroplasty in the United
States is predicted to increase by 25% over the next 5 years (1). At present, hospital and
surgical charges for revision hip and knee arthroplasty are estimated at $8.6 billion (3).
With forecasted increases in the numbers of revision cases, however, this amount will
increase substantially, placing pressure on the health care system (1, 3, 8). The increased
volume of revision arthroplasties will exert pressure on clinical microbiological labora-
tories. The adoption of strategies that optimize laboratory efficiency and throughput is
likely to be important to meet these predicted challenges. The use of semiautomated
blood culture systems for periprosthetic tissue culture is an example of improved
efficiency.

There are a number of limitations with this current study. First, the study was
undertaken from the laboratory staffing perspective and did not include other labora-
tory costs, such as the cost of culture media between the two approaches. The costs of
culture media will differ between centers, depending on the different volume discounts
provided by suppliers; however, at the Mayo Clinical Microbiology Laboratory, Roch-
ester, MN, the undiscounted costs for media for the conventional technique were 36%
less than the cost of blood culture bottles. Similarly, the cost of waste disposal may be
influenced by the use of blood culture bottles, depending on the bottle type used. Our
laboratory uses plastic blood culture bottles, which are incinerated after autoclaving,
therefore having a negligible impact on costs. However, if a laboratory used glass blood
culture bottles, there may be a cost incurred for the disposal of glass. In addition, given
the current recommendations that a minimum of three periprosthetic tissue specimens
are collected in all patients undergoing revision surgery and the specimens are
incubated for up to 14 days, this represents a potentially significant volume of blood
culture bottles for incubation. Our research, in addition to demonstrating increased
sensitivity of inoculation of periprosthetic tissue specimens into blood culture bottles,
demonstrated that the number of specimens required for the most accurate diagnosis
was three specimens when blood culture bottles were used, compared to four speci-
mens with conventional culture techniques (11). Therefore, the volume of specimens
required is less. Depending on capacity, however, changing to the use of blood culture
bottles for periprosthetic tissue specimen culture may require capital investment by
laboratories.

Furthermore, this study did not include other costs, such as health care sector or
patient or societal costs. We did not include patient outcomes; therefore, the overall
cost-utility or cost-benefit analysis of this process was not examined. Also, as noted,
the timings for subculture of blood culture bottles were extrapolated from the
conventional agar medium timings; given that the trigger for subculturing of blood
culture bottles was detection of microbiological growth, extrapolation from con-
ventional cultures may misrepresent the time required for blood culture bottle
subculture. Finally, laboratory timings can be influenced by the overall incidence of
PJI. However, as noted above, savings are likely to increase with a lower incidence
of infection.

In conclusion, we have demonstrated that potential personnel time and labor cost
savings can be achieved by culturing periprosthetic tissue specimens in blood culture
bottles. Given the increasing demands faced by modern clinical microbiology labora-
tories, the adoption of this semiautomated approach represents an attractive option.
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MATERIALS AND METHODS
Study setting. The study was performed in the Mayo Clinical Microbiology Laboratory, Rochester, MN.
Study population. This study builds on a previous diagnostic study examining the sensitivity and

specificity of conventional compared to semiautomated tissue culture methods for the culture of
periprosthetic tissue specimens (10). In brief, the study population included consecutive patients
undergoing revision arthroplasty surgery at Mayo Clinic, Rochester, MN, between August 2013 and April
2014. Patients were excluded if one or fewer periprosthetic tissues samples were inoculated into blood
culture bottles or if the procedure was the second stage of a two-stage exchange. Prosthetic joint
infection was defined in accordance with the Infectious Diseases Society of America guidelines (5).

Microbiological methods. Patients undergoing revision arthroplasty had culture of periprosthetic
tissue specimens performed using both blood culture bottles as well as by conventional methods,
allowing a comparison of the times and costs of each method. Periprosthetic tissue specimens were
homogenized using a Seward stomacher 80 Biomaster (Seward, Inc., Port St. Lucie, FL) in 5 ml of brain
heart infusion broth for 1 min. With conventional culture processes, the homogenized specimen was
inoculated onto sheep blood, chocolate, and CDC anaerobic blood agars and into prereduced thiogly-
colate broth (BD Diagnostic Systems, Sparks, MD). Aerobic cultures were incubated for 5 days and
anaerobic cultures for 14 days. Laboratory personnel inspected aerobic culture media daily and anaer-
obic culture media on Monday, Wednesday, and Friday. The culture media were subcultured if evidence
of microbial growth was noted. Specimens were discarded after the prespecified incubation period if no
growth was evident.

With the semiautomated blood culture bottle-based culture process, in additional to inoculation of
the above-mentioned media, the homogenized specimen was inoculated directly into a Bactec Plus
Aerobic/F and Bactec Lytic/10 Anaerobic/F blood culture bottle, placed on a Bactec 9240 instrument (BD
Diagnostic Systems), and incubated for 14 days. Bottles were only subcultured if the instrument flagged
positive. At the end of the 14-day incubation period, bottles without evidence of growth were discarded.

Process mapping. Models were developed from the laboratory staff time viewpoint using the Visio
software (2016; Microsoft Software). The process for each test method was documented through
observation and interview to develop flow chart diagrams. A standardized recording template was
employed to document the time laboratory staff members took to complete each task and the number
of specimens processed for each of the individual process steps from receipt of tissues to organism
identification. Timings were performed on up to six separate occasions. The data were assessed for
normality, and the mean, standard deviation (SD), and variance were calculated for each process. The
positivity and negativity rates for individual culture methods were drawn from the original study (10).

Decision tree analysis. Models were constructed using decision tree modeling techniques typically
applied in health economic analyses. Pathways were constructed through a series of nodes and branches
informed by the probability of a specimen progressing through a given pathway; the sums of the time
and costs along each pathway were calculated (18). For this study, branch points were the probability of
each test being positive or negative inputted from the original cohort study (10). Data on the days
subsequent to initial subculture of positive blood culture bottles until finalization of culture results were
not collected. For the purposes of this study, it was assumed that the time subsequent to the primary
examination of plates to finalization of culture results mirrored the timings for culture results for aerobic
and anaerobic agar for culture using conventional methods; the pathway for confirmatory agar culture
results for positive blood culture bottles was extrapolated from the conventional culture result proba-
bility. Resource costs were drawn from the laboratory staff time required for each pathway based on the
hourly rate from the U.S. Department of Labor, Bureau of Labor Statistics for laboratory assistant and
laboratory technician, with a median annual salary of $40,747 (http://www.bls.gov/).

The study was modeled on data extracted from the original study, in which there was an average of
40 patients undergoing revision arthroplasty per month over the 9-month study period, with each
patient having a median of three periprosthetic tissue specimens collected at surgery (10). The model
was constructed and run in Excel (version 15.30, 2017; Microsoft Corporation, CA). The associated times,
costs, and variances were then summed for each culture technique, and visual inspection showed it
followed a normal distribution. The mean time and standard deviation were compared using a t test.
Data were compared and graphed using Stata (version 14.2; StataCorp LP, TX) and GraphPad Prism
(version 7.0a, 2016; GraphPad Software, Inc., CA). Costs per month were calculated and extrapolated to
a 12-month period. Costs were not discounted or adjusted for inflation.

Sensitivity analysis and incremental cost-effectiveness. A sensitivity analysis was performed to
assess laboratory staff time and costs by altering the prevalence of PJI from 5 to 50%. The probabilities
for culture positivity for each media with various rates of PJI prevalence were derived from the data for
each medium in the original cohort study using the Infectious Diseases Society of America (IDSA) criteria
as the gold standard (10). These derived values were then entered into the decision tree model.

The incremental cost-effectiveness ratio (ICER) was calculated using the following formula: ICER �
Δcosts/Δaccuracy.

The cost difference between the conventional and semiautomated culture techniques included the
observed values and values derived from the sensitivity analysis. The accuracy was drawn from the
original cohort study. The accuracy (SD) for the conventional culture technique was 81.6% (38.7%) and
was 86.7% (34.0%) for the semiautomated culture technique (10). The ICER was calculated and graphed
on a cost-effectiveness plane. A further sensitivity analysis was performed by drawing a random normally
distributed sample of 1,000 data points for cost and accuracy for the observed values, the 5% PJI
prevalence data, and the 50% PJI prevalence data. These values were graphed on the cost-effectiveness
plane. The sensitivity analysis was performed in Excel (version 15.30, 2017; Microsoft Corporation, CA).
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