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A Novel Scoring System for Humane Endpoints 
in Mice with Cecal Ligation and  

Puncture-Induced Sepsis

Lindsey T Ferguson,1,* Ammar A Rashied,4 Zhe Liang,2 Tetsuya Yumoto,2,5 Jerome C Anyalebechi,2 David A Swift,2 
Marina S Hernandes,3 Robert T Krafty,4 Craig M Coopersmith,2 and Vanessa K Lee1

Animal-based research is essential to the study of sepsis pathophysiology, diagnostics, and therapeutics. However, animal 
models of sepsis are often associated with high mortality because of the difficulty in predicting imminent death based on 
premortem assessment of the animals. The use of validated visual scoring would allow researchers to systematically identify 
humane endpoints but visual approaches require high interobserver agreement for accurate results. The objective of this study 
was to establish a scoring system for mice undergoing cecal ligation and puncture (CLP)-induced sepsis based on 3 visual 
parameters: respiratory status, activity and response to stimulus (ASR), and eye appearance, with scores ranging from 0 to 3. 
In the first study, we evaluated interobserver agreement. Veterinary and investigative staff assessed 283 mice with CLP and 
had substantial to near-perfect agreement for all 3 parameters as evaluated using weighted Cohen κ statistic. The second study 
assessed the ability of the scoring system and temperature to predict death. The scoring system and subcutaneous transpond-
ers were used to monitor C57BL/6J mice (n = 80, male and female) until death or for 7 days after CLP. Results showed that 
the scoring system discriminates between surviving (n = 26) and nonsurviving (n = 54) septic mice. The scoring system was 
accurate in predicting death, with an AUC of 0.8997. The sensitivity and specificity of the ASR parameter were 96% and 92%,  
respectively, and for the eye parameter were 94% and 73%. A sum of the ASR and eye scores that was 5 or more was also pre-
dictive of death. Temperature was a quantitative predictor, with sensitivity and specificity of 93% and 92%, respectively. This 
scoring system refines the CLP model by allowing identification of humane endpoints and avoidance of spontaneous death.

Abbreviations and Acronyms: ASR, activity and response to stimulus; CLP, cecal ligation and puncture; MGS, mouse grimace 
score; M-CASS, mouse clinical assessment score for sepsis; modified M-CASS, modified mouse clinical assessment score for 
sepsis; MSS, murine sepsis score; ROC, receiver operating characteristic
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Introduction
Sepsis is a life-threatening syndrome characterized by organ 

dysfunction due to a dysregulated host response to infection.78 
Sepsis is an important clinical syndrome in human medicine, 
with an incidence of 49 million cases globally and a contribu-
tion of 20% to all global deaths in 2017.73 While consensus 
statements on the clinical care of human patients have im-
proved the diagnosis and treatment of sepsis,16,17 preclinical 
research remains necessary to elucidate the pathophysiology 
of sepsis, evaluate diagnostics, and test novel therapeutics. 
Mice are the most common animal used for sepsis-related 
research, with sepsis most commonly induced by the surgi-
cal procedure of cecal ligation and puncture (CLP),45 which 

is considered by many to be the best available model of pol-
ymicrobial sepsis.12

Sepsis models in animals generally induce acute severe 
progressive disease, and evaluation of experimental treatment 
often relies on mortality rates. Consequently, sepsis research 
has prompted animal welfare concerns about the use of death 
as an experimental endpoint.46,62-65,91 The Guide for the Care 
and Use of Laboratory Animals states that “the use of humane 
endpoints contributes to refinement by providing an alterna-
tive to experimental endpoints that result in unrelieved pain 
and distress, including death.”31 Humane endpoint criteria 
that guide euthanasia should be animal model-specific and 
allow for prompt decision-making by both veterinarians and 
investigators.31,64 The establishment of humane endpoints is 
both a refinement and an alternative,60,75 which should be 
reported as recommended by the ARRIVE Guidelines 2.0 and 
can contribute to reproducible and rigorous animal research.70 
Specific to sepsis research, proposals have been made to estab-
lish consistent monitoring schemes and euthanasia criteria for 
animals, but no consensus has been reached.26,45,46,63,65,66,80,91 
Ideal surrogate humane endpoints in murine CLP-induced 
sepsis research would have high predictive capacity for death, 
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thus creating endpoints that meet scientific aims and avoid 
unrelieved animal pain and distress.

Quantitative measurements have the benefit of objectivity 
as surrogate endpoints for sepsis models, but temperature is 
currently the only such parameter that has shown promise as a 
useful tool. Previous studies have measured circulating inflam-
matory cytokines, reactive metabolites, tissue enzymes, and 
cardiopulmonary function as predictors of sepsis outcomes, 
but these measurements are invasive and affect the animals, 
costs, and personnel time, which makes them impractical for 
routine use.28,30,44,72,77,87 Body temperature is less invasive than 
blood sampling and has been studied as a surrogate endpoint 
in various murine infectious and inflammatory disease mod-
els.1,19,25,34,61,83,86 The studies specific to sepsis models suggest 
that temperature monitoring is a promising method for hu-
mane endpoint identification; however, the limited studies 
relied on thermometry methods that are unreliable and induce 
acute stress from restraint.23,36,41,42,48,52,55,86 Newer noncontact, 
infrared (IR) thermometry has promise but requires manual 
restraint and produces variable measurements of skin surface 
temperature.54,85 Subcutaneous temperature microchips are 
less invasive than rectal thermometry, biotelemetry, and IR but 
they have not been previously evaluated in a murine model 
of CLP-induced sepsis.34 While temperature measurement has 
advantages, it requires specialized equipment and whether 
it can be generalized among mice of housed under various 
conditions is unknown.

An observational scoring system for surrogate endpoints as 
an adjunct or replacement for temperature monitoring could 
help overcome the limitations of objective parameters. Obser-
vational parameters are powerful tools for cage-side welfare 
assessments and for identifying humane endpoints by using 
parameters that are specific to the model, are limited to those 
found to be most predictive of adverse outcomes and can be 
generalized across different observers.7 However, to date, obser-
vational methods have not been generally accepted as adequate 
surrogates for predicting death in the CLP model. The mouse 
grimace scale (MGS) has not been validated for use in mouse 
models of sepsis.37 Although the murine sepsis score (MSS) 
and the mouse clinical assessment score for sepsis (M-CASS) 
have been established, neither of these studies used the CLP 
sepsis model.30,77 Subsequent studies evaluated versions of 
these scoring systems in a mouse CLP model, but neither these 
nor the original versions of these scoring systems were studied 
as a marker for imminent death, so the true ability to predict 
mortality is unknown.48,77,81

Our goal was to create an observational scoring system 
that could aid in the identification of early humane endpoints 
in mice with CLP. We hypothesized that our scoring system 
would predict death in this model. We also evaluated the 
sensitivity and specificity of scoring system parameters and 
total scores to determine specific scores that would be predic-
tive of death. Furthermore, we hypothesized that our scoring 
system would provide a high level of interobserver agreement. 
We also hypothesized that subcutaneous temperatures would 
differ between surviving and nonsurviving septic mice and 
evaluated the sensitivity and specificity of temperature to 
establish a temperature threshold for the quantitative predic-
tion of death.

Materials and Methods
Mice. All mice were housed in an AAALAC International 

accredited facility in compliance with the Guide for the Care and 
Use of Laboratory Animals. All animal procedures were reviewed 

and approved by Emory University’s Institutional Animal Care 
and Use Committee.

C57BL/6J mice (n = 42 males, n = 42 females, JAX stock 
number 000664) were obtained from The Jackson Laboratory 
(Bar Harbor, ME) for the study aim of assessing the ability of 
the scoring system to predict death. All mice were purchased at 
6 wk of age and were used for the study by 8 wk of age. After 
their arrival at our facility, mice were grouped by sex, housed in 
individually ventilated cages (IVC; Super Mouse 750 ventilated 
rack, Lab Products, Seaford, DE), and allowed to acclimate for 
at least 72 h prior to experimental manipulation. Mice were 
housed with the same cage mates in groups of 4 to 5 mice per 
cage until all mice in the cage had been used experimentally.

Mice were housed on 1/8-in. corncob bedding (Bed-o’-Cobs, 
The Andersons, Maumee, OH) in polysulfone IVC caging (cage 
bottom number 75031, Lab Products, Seaford, DE), with 2 × 2 
in cotton squares (Ancare, Bellmore, NY) for enrichment. Mice 
were fed irradiated pelleted rodent chow (LabDiet 5053, Lab-
Diet, St. Louis, MO) and received reverse-osmosis–filtered and 
UV-light–treated water through an automated watering system. 
For the duration of the experiment, the conditions in the rooms 
housing study mice were set at 72 °F (22 °C; measured range 
of 71.6 to 74.5 °F [22 to 24 °C]), 50% humidity (measured range 
of 42 to 66%), 10 air changes hourly, and on a 12:12 light:dark 
cycle with lights on at 0700 and off at 1900. Intracage air changes 
were set as 35 per hour.

The facility colony health surveillance program conducted 
environmental health monitoring quarterly with sentinel free 
soiled bedding samples sent to third-party commercial labo-
ratories for PCR analysis. Excluded agents were Sendai Virus, 
mouse hepatitis virus, mouse minute virus, mouse parvovirus 
1 and 2, Theiler Virus (GDVII or TMEV), epizootic diarrhea of 
infant mice, lymphocytic choriomeningitis virus, polyoma virus, 
mouse cytomegalovirus, Ectromelia Virus, K Virus, Mycoplasma 
pulmonis, mouse adenovirus 1 and 2, pneumonia virus of mice, 
Reovirus, Hantaan virus, lactate dehydrogenase elevating virus, 
mouse thymic virus, Filobacterium rodentium, Encephalitozoon 
cuniculi, fur mites (Myobia, Myocoptes, and Radfordia spp.), and 
pinworms (Aspiculuris and Syphacia spp.).

The few animal health concerns that occurred over the course 
of the study happened either before or at the time of surgery. 
Specifically, 3 mice required euthanasia due to dehydration from 
drinking valve malfunction and one mouse acutely died during 
recovery from CLP. No other clinical unexpected abnormalities 
were detected during the study.

Experimental design. The study was designed to use 2 differ-
ent groups of mice to address 2 goals. The first goal was to assess 
the interobserver agreement of our scoring system when used by 
personnel in a sepsis research laboratory. The second goal was 
to evaluate the predictive capacity of the scoring system for the 
death of mice after the induction of polymicrobial sepsis by CLP.

An a priori power analysis was used to determine that a 
sample size of 174 observations was needed to achieve a κ 
statistic of 0.90 with 80% or more power and a significance 
level of 0.05 by using a two-sided Z-test in the κ module of 
PASS 15 Power Analysis and Sample Size Software (NCSS LLC, 
Kaysville, Utah). A power analysis was also used to determine 
sample sizes needed to validate the scoring system with the 
CLP model and to predict death, which was conducted with 
PASS 15 and two-sided unequal-variance t-tests and based on 
data from a published study.48 The time of death can vary in 
the CLP model, but for an approximate mortality level of 40% 
over a 7-d timeline, a priori power analysis determined a total 
sample size of 65 mice was needed to achieve 80% power to 
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detect temperature differences of 4.5 °C with a significance level 
of 0.05. A final sample size of 42 male and 42 female C57BL/6J 
mice was selected to account for varying survival rates between 
male and female septic mice and for animal losses unrelated to 
sepsis.15,90 Control groups were not used, as the survival rate 
for sham laparotomy mice has been repeatedly documented 
to be 100% and the observer is inherently blind at the time of 
scoring as to whether a mouse will survive.43,58

To evaluate the scoring system for interobserver agreement 
(goal 1), the scores from 5 researchers were compared with the 
scores from a single veterinarian. The 5 researchers worked 
in the same sepsis research laboratory and had experience 
ranging from one to over 10 y duration with the CLP model. 
Observers scored mice that underwent CLP surgery in ongoing 
7-d post-CLP survival curve experiments through individual 
paired veterinarian-researcher monitoring sessions. The paired 
veterinarian-researcher monitoring sessions occurred on dif-
ferent days and at different times. The study of the scoring 
system’s interobserver agreement was noninvasive and was 
superimposed on to ongoing studies in the same sepsis research 
laboratory. The pool of mice consisted of various strains on a 
C57BL/6 background (n = 283) and were assigned to different 
experiments assessing for the effect of sepsis and comorbidities 
on sepsis pathophysiology.

Before the experimental scoring of mice, the veterinarian 
trained the researchers by using an interactive PowerPoint 
presentation to score various videos and images in a 30-min 
didactic session. Videos and images showed C57BL/6 back-
ground, post-CLP mice from the same sepsis laboratory, and 
accounted for 15 min of the didactic training session. In addition, 
independent hands-on 15-min training sessions were conducted 
between the veterinarian and individual researchers before 
the initial experimental scoring session. For each experimental 
scoring session, the veterinarian gave individual researchers 
a packet that contained a colored printout of scoring system 
(Figure 1), a timer for counting breaths (Digital Countdown 
Timer, Traceable Products, Webster, TX), a laboratory composi-
tion notebook, and ink for the permanent entry of scores into the 
notebook. The researcher and veterinarian then independently 

scored mice based on “Scoring System Development and De-
scription.” The veterinarian and researcher did not discuss mice 
or scores and were blind to each other’s entries. Combining the 
scores awarded across all the individual researcher-veterinarian 
monitoring sessions, 849 parameter scores were recorded by 
observing 283 mice with CLP-induced sepsis.

For validation of the scoring system to predict death (goal 2), 
mice (C57BL/6J, n = 39 females, n = 41 males) underwent CLP 
surgery on day 0 and were monitored through day 7 or until 
death occurred. The aim of goal 2, evaluating the ability of the 
scoring system to predict death, was performed as a standalone 
project, not as an add-on to ongoing experiments in the sepsis 
research laboratory. The research laboratory used a standardized 
approach to perform CLP, and therefore surgery and periopera-
tive care were identical for mice used to accomplish both goals 
of the study. CLP surgeries were performed in 3 groups of mice, 
and all surgeries were completed within a one-month period. 
The same veterinarian performed all surgeries for each group 
on one standard business day and also performed subsequent 
observations for this portion of the study.

After mice underwent CLP surgery, the veterinarian moni-
tored them at 0700, 1100, 1500, and 1900 every day for 7 d and 
recorded scores and body temperatures; temperatures were 
obtained by using subcutaneous transponders as described in 
the “Scoring System Development and Description” section. The 
monitoring intervals were selected to allow consistent data col-
lection every 4 h during the facility’s light phase and to evaluate 
the ability of the scoring system to predict death at times when 
mice would typically be monitored by research and veterinary 
staff. The veterinarian also documented the presence or absence 
of a nest during the 24 h after CLP surgery. Nesting material 
was consistently provided in all mouse cages, and cages were 
not scheduled for routine cage change during the 7-d experi-
ment, thus minimizing the effect of husbandry parameters on 
the study. Body weights were measured after the completion of 
monitoring and temperature measurements at 0700 every day. 
Notes were made if atypical behavior and clinical signs were 
detected at any time point. At 1900 on day 7 after CLP, a final 
temperature was measured in surviving mice by using a rectal 

Figure 1.  Scoring system for prediction of death in mice with CLP-induced sepsis.
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thermometry probe. Euthanasia was then performed by using 
CO2 asphyxiation.

CLP surgery.  Sepsis was created surgically by CLP. All 
procedures were conducted in a designated procedure space 
of the animal research facility. Each mouse was placed in an 
induction chamber with 100% oxygen and 3% isoflurane at a 
flow rate of 1 L/min. After losing the righting reflex, the mouse 
was removed from the induction chamber and moved to the 
preparation table. A nose cone and 2% isoflurane were used 
maintain anesthesia for the remainder of the procedure. All 
mice received buprenorphine hydrochloride (0.1 mg/kg, Par 
Pharmaceutical, Rochester, MI) as preemptive analgesia prior 
to the skin incision. The mouse’s lower left abdominal quadrant 
was clipped to expose a 2 × 2–cm square of skin. A surgical scrub 
consisting of 3 applications of combined chlorohexidine and 
isopropyl alcohol swabs (Prevantics, PDI, Woodcliff Lake, NJ) 
was applied to the surgical area. Thermal support was provided 
by a circulating water heating blanket (38 °C; model TP700T, 
Gaymar Industries, Orchard Park, NY). Mice were draped with 
ethylene oxide sterilized (Sterrad NX, Advanced Sterilization 
Products, Irvine, CA) transparent cling film (Press’n Seal, The 
Glad Products Company, Oakland, CA). A left paramedian 
incision was made through the skin and abdominal muscle, 
and the cecum was exteriorized. The cecum was ligated 1 cm 
from its base with autoclaved 4-0 silk (SUT-15 to 2, Roboz 
Surgical Instruments, Gaithersburg, MD). Halfway between 
the distal aspect of the cecum and the silk ligature, the cecum 
was then punctured completely with a 25-gauge needle (25G × 
1 in. hypodermic needle, Excel, Redondo Beach, CA). To check 
for patency, a small amount of cecal contents was extruded 
from the puncture site. The intestine was then placed back 
into the abdomen. The abdominal body wall was closed with 
4-0 polyglactin suture (Coated Vicryl Polyglactin 910, Ethicon, 
Somerville, NJ) in a single cruciate pattern and the skin incision 
was approximated with surgical adhesive (Webglue, Patterson 
Veterinary, Greeley, CO). The surgery required less than 10 min 
and the length for cecal ligation was selected to produce a 
mortality rate of approximately 50%.74

Prior to recovery from anesthesia, mice were implanted 
between the scapulae with sterile subcutaneous temperature 
radio frequency identification (RFID) transponders (Tempera-
ture programmable microchip, product UCT-2112, UID, Lake 
Villa, IL) by using a handheld microchip injector (Microchip 
injector with ejector, product UPGI-Q, UID, Lake Villa, IL). A 
postoperative temperature was recorded using a handheld 
RFID reader (URH-1HP handheld reader, UID, Lake Villa, IL). 
Mice received unique ear tag identification (La Pias mouse ear 
tags, Braintree Scientific, Braintree, MA). For cages housing 
5 mice, the fifth mouse did not receive an ear tag and was 
identified with a unique number. To mimic the clinical care 
of human patients with sepsis,17 all mice received 1 mL of 
warmed sterile saline subcutaneously for fluid replacement 
and subcutaneous broad-spectrum antibiotics (ceftriaxone  
50 mg/kg; Hospira, Lake Forest, IL and metronidazole  
35 mg/kg; Baxter Healthcare, Deerfield, IL) postoperatively. 
At 0700 and 1900 for 48 h after CLP,33 all mice continued to 
receive subcutaneous ceftriaxone and metronidazole after the 
recording of scoring system observations and body weight 
measurements. A heating pad was placed under the recovery 
cage to avoid hypothermia. Mice were monitored continu-
ously until recovery from anesthesia and then every 15 min 
until they were ambulatory. After recovery from anesthesia, 
male and female mice were returned to their original groups 
for the remainder of the experiment.

Scoring system development and description. We performed a 
pilot study to refine the scoring system descriptions and meth-
odology in order to optimize interobserver agreement. In the 
pilot, 6 members of the veterinary staff at the research institution 
used the scoring system. Participating veterinary staff members 
had varying years of experience with research mice. A faculty 
veterinarian, resident veterinarians, and veterinary technicians 
were paired with the primary author to observe a total of 50 CLP 
mice assigned to various 7-d survival experiments on different 
days and times over the course of 1 mo. Mice used in these 
experiments were removed from the study when moribund 
and thus were not monitored until spontaneous death. During 
the pilot study, observers scored mice on the 3 parameters of 
respiratory status, activity and stimulus response (ASR), and 
eye appearance. The scoring system was refined based on feed-
back that would increase interobserver agreement to create a 
final version (Figure 1). Adjustments to the final version of the 
scoring system included the use of exact respiratory rates for 
given scores, removal of agonal breaths as a characteristic for a 
respiratory score of 3, and characterization of ASR scores of 2 
and 3 as failure of the mouse to make any spontaneous move-
ment and to move only in response to the stimulus.

The final scoring system (Figure 1) was designed to include 
key physiologic and behavioral parameters that we predicted 
would be simple enough to produce high interobserver agree-
ment and accurately differentiate severely affected mice in the 
CLP model, based on previous research, our pilot study, and 
the expertise of sepsis researchers at our institution.30,48,77 Our 
scoring system involves 3 components: respiratory status, ASR, 
and eyes. For the respiratory parameter, labored breathing was 
defined as the display of increased abdominal effort or an incon-
sistent rate, which created a flutter-type appearance to the sides 
of the thorax. For the ASR parameter, a tail pull was selected 
as the stimulus because it minimized animal handling and was 
piloted to be more reliable than pushing the mouse’s dorsum 
with the observer’s finger, as the push elicited a downward 
rather than forward motion. For the eye parameter, in cases of 
unilateral changes, the eye that was the most open was evalu-
ated and scored.

All mice in a cage had undergone CLP surgery on the same 
day, and they remained in the home cage for the duration of 
the study. The veterinarian first removed the cage from the rack 
and placed it in a running biosafety cabinet. The cage lid and 
the food hopper were removed and observers then scored the 
respiratory status of all mice in the cage by observing thoracic 
wall movements for 30 s. Mice were identified during the non-
invasive monitoring by cage number and by unique colored 
ear tags described in the “CLP Surgery” section. Nesting and 
moist chow materials were then temporarily removed from 
the cage and mice were observed for spontaneous activity. To 
evaluate the stimulus response, individual mice were subjected 
to a gentle pull on the base of the tail. The tail pull stimulus 
was brief and consistently applied by the veterinarian in all 
monitoring sessions, even when paired with observers from 
the research staff. If the mouse reacted by moving backward, a 
second stimulating tail pull was elicited to observe for forward 
motion. After scoring the stimulus response, the eyes of each 
mouse were assessed for degrees of openness or orbital tighten-
ing. Lastly, mouse temperature were measured in the home cage 
by waving the URH-1HP reader (UID Devices) over individual 
mice or through the cage wall to detect a signal. Temperature 
values were recorded in °C. To avoid background signal from 
cohoused mice, the observer’s hand was lightly placed over 
other mice as a barrier. At 1900 on day 7 after CLP, rectal 
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thermometry was used to measure temperature for comparison 
with transponder values. The rectal probe (RET-3 mouse rectal 
probe, Braintree Scientific, Braintree, MA) was coated with a 
small amount of sterile lubricant and then inserted to a marked 
length of 20 mm from its distal tip. The rectal probe was con-
nected to a monitoring device (Microtherma 2 thermometer, 
Thermoworks, Lindon, UT) and temperature was recorded in 
°C. The transponder and rectal thermometry comparison was 
limited to mice that had survived for 7 days after CLP to avoid 
the potential confounding factor of frequent restraint for rectal 
probe insertion on the behavioral parameters. Any additional 
necessary restraint, handling, or injections that were capable of 
inducing an acute stress response were performed after scoring.

Statistical analysis. For the evaluation of interobserver agree-
ment of the 3 observational parameters, researcher observations 
were consolidated and compared against the trained vet-
erinarian’s observations using weighted Cohen κ statistic. All 
283 mice from the paired researcher-veterinarian monitoring 
sessions were included in the statistical analysis as we had no 
predetermined exclusion criteria. The statistical significance of κ 
was analyzed by threshold α = 0.05. Weighted Cohen κ statistic 
values between 0.01 and 0.20 are considered indicative of slight 
interobserver agreement, between 0.21 and 0.40 indicate fair 
agreement, between 0.41 and 0.60 indicate moderate agreement, 
between 0.61 and 0.81 indicate substantial agreement, and κ 
values higher than 0.81 indicate near-perfect agreement.51 All 
analyses for interobserver agreement were performed using 
SAS 9.4 (SAS Institute, Cary, NC).

Use of scoring system for prediction of death. Data were ana-
lyzed to determine whether the scoring system could predict 
death after CLP in mice. The dataset included 80 mice, with 
28 monitoring sessions and observation points possible for 
each mouse. Three parameters─respiratory status, ASR and 
eyes─were scored as 0 to 3. A fourth factor, temperature, was 
also included and analyzed. The monitoring session in which 
a mouse was found dead was defined as a censoring event, 
as no scores could be assigned to the mice that died prior to 
the end of the 7-d period after CLP. After excluding censoring 
events, retrospective data analysis for the prediction of mortality 
encompassed 1,336 observations for each parameter and tem-
perature. The full dataset used sensitivity and specificity over 
the 7-d observation period and directly preceding a censoring 
event to detect parameters that performed well in predicting 
death. Sensitivity and specificity for individual parameters, 
total parameter scores, combined ASR and eye scores, and 
temperature were calculated as follows, sensitivity was defined 
as equal to true positives/(true positives + false negatives) and 
specificity as equal to true negatives/(true negatives + false 
positives). True positives were defined as mice that died after 
receiving a score of 3 for a parameter, whereas false positives 
were defined as surviving mice that had received a score of 3 in 
a parameter. True negatives were defined as mice that survived 
without receiving a score of 3 in a parameter, whereas false 
negatives were defined as mice that died without receiving a 
score of 3 in a parameter.

The sensitivity and specificity determinations for temperature 
used data collected in Celsius format. The median temperature 
for all mice was 32 °C. Therefore, the target of interest for tem-
perature was a subcutaneous temperature below 32 °C and its 
potential use as a cut-off to quantitatively predict death. This 
temperature was cross tabulated against an outcome of death 
or survival to calculate sensitivity and specificity. For the sen-
sitivity and specificity, true positives were defined as mice that 
died after receiving a last recorded subcutaneous transponder 

temperature of less than 32 °C, whereas false positives were 
defined to as mice that survived to the experimental endpoint 
but received a last recorded subcutaneous transponder tem-
perature of less than 32 °C. True negatives were defined as mice 
that were alive at the experimental endpoint and received a 
last recorded subcutaneous transponder temperature greater 
than or equal to 32 °C, whereas false negatives were defined 
as mice that died after receiving a last recorded subcutaneous 
transponder temperature greater than or equal to 32 °C. We also 
evaluated temperatures of surviving and nonsurviving mice 
longitudinally over the course of the 7-d period after CLP; thus, 
the mean temperatures and standard deviation for all mice in 
the surviving and nonsurviving subgroups were calculated 
across all 28 monitoring sessions.

A time course analysis was also conducted to determine 
whether pivotal parameter scores rose or fell during the 24-h 
period preceding death and how these scores changed as 
compared with the overall experimental timeline. To do this, 
mice were grouped into 2 subsets: survivors and nonsurvivors. 
Each scoring system parameter was analyzed at the last 3 time 
points, with the fourth time point being either death or the 
experimental endpoint of day 7 after CLP. The 3 parameters 
and the temperature data were averaged across all mice in the 
2 subgroups for the antepenultimate (2 monitoring sessions 
before last), penultimate (monitoring session before last), and 
last recorded time points and were evaluated for significant 
differences. A total score was created by adding the scores of all 
3 parameters (respiratory, ASR, and eyes). The total score was 
then averaged across all mice in the 2 subgroups by time point 
for analysis. To determine whether the scoring system could 
be refined to 2 parameters, combined scores for ASR and eyes 
were generated by adding the scores from the 2 parameters. 
The combined ASR and eye scores were averaged across all 
mice in the 2 subgroups by time point for analysis. Data are 
presented as mean ± SD. Differences between the surviving 
and nonsurviving subgroups for the average of individual 
parameter scores, the average of total scores, the average of 
combined ASR and eye scores, and the average subcutaneous 
temperatures across the final 3 time points prior to euthanasia 
or death were evaluated for statistical significance by using 
Mann–Whitney U and Wilcoxon signed rank tests. Analyses 
were performed using Python 3.10.0 (Python Software Founda-
tion, Wilmington, DE).

The highest total score and highest combined ASR-eye score 
given to a surviving mouse throughout the course of the ex-
periment and the final scores given to a nonsurviving mouse 
prior to its death were also evaluated. The sensitivity and 
specificity of total score was calculated by defining true posi-
tives as nonsurviving mice that received total scores greater 
than 6, whereas false positives were defined as surviving mice 
that received total scores greater than 6. True negatives were 
defined as surviving mice that received a total score less than 
or equal to 6, whereas false negatives were nonsurviving mice 
that received total scores of less than or equal to 6. Combined 
ASR-eye scores range from 0 to 6. Therefore, threshold scores 
of 5 and 6 were compared. The sensitivity and specificity of 
the combined ASR-eye scores was calculated by defining true 
positives as nonsurviving mice that received combined scores 
greater than or equal to 5, whereas false positives were defined 
as surviving mice that received a combined score greater than 
or equal to 5. True negatives were defined as surviving mice 
that received a combined score of less than 5, while false nega-
tives were nonsurviving mice that received a combined score 
less than 5. All analyses for evaluating scoring and temperature 
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as predictors of death were performed using Python 3.10.0 
(Python Software Foundation, Wilmington, DE) and Prism 9.2 
(GraphPad Software, La Jolla, CA).

Validation of scoring system as a diagnostic for prediction of 
death. Receiver operating characteristic (ROC) curves show the 
true positive rate against the false positive rate. ROC curves 
diagnose the ability of a binary classifier to correctly classify 
observations. The true positive rate (TPR) is defined as the 
proportion of observations that were correctly predicted as 
positive out of all positive observations. The false positive rate 
(FPR) is defined as the proportion of observations that were 
incorrectly predicted as positive out of all negative observa-
tions. The 45-degree diagonal of a ROC curve indicates random 
chance classification; movement of the curve away from the 
diagonal toward the top left corner of the graph indicates better 
predictions. For the purposes of this study, ROC curves were 
built based on a logistic regression model. The binary outcome 
was death, with 0 indicating living throughout the study and 
1 indicating death at some time point during the study. The 
first logistic regression model had 3 input features: respiratory 
status, ASR, and eyes. The second logistic regression model had 
2 input features: ASR and eyes.

An area under the curve (AUC) was calculated for each ROC 
curve to summarize the overall diagnostic accuracy of the scor-
ing system, which was the ability of the scoring thresholds to 
predict the death of CLP mice. An AUC of 0.5 indicates no dis-
crimination and diagnostic accuracy by random chance, a value 
of 0.7 to 0.8 is considered acceptable for prediction, 0.8 to 0.9 is 
considered excellent for prediction, and lastly, an AUC greater 
than 0.9 is considered outstanding for diagnostic accuracy.49,93

Results
Interobserver agreement.  The interobserver agreement be-

tween research personnel and the veterinarian was calculated 
for observations obtained from 283 CLP mice on the parameters 
of respiration, ASR, and eyes (Table 1). The interobserver agree-
ment qualifies as near-perfect agreement for all 3 parameters. 
The 95% confidence interval for all 3 parameters indicated con-
sistency among the observers, which included all participating 
research personnel and the veterinarian.

Prediction of death. Mortality and clinical signs. Of the 80 
mice that underwent CLP, 54 (68%) died within 7-d and were 
defined as nonsurvivors (Figure 2). The 26 mice that reached 
the 7-d experimental endpoint were defined as survivors. In 
addition to the clinical signs that were included in the scoring 
system, mice rarely displayed seizure activity, ataxia with the 
ability to move forward in response to tail pull stimulus, or 
recumbency (lateral or dorsal) that required brief handling to 
position the mouse in a righted posture to test the response to 
a tail pull stimulus. Mice engaged in minimal nesting behavior 

in the immediate 24 h period after CLP. Only one cage of mice 
integrated the clean cotton square into a nest within the first 
24-h after surgery. The cotton square in the other cages (n = 17 
cages) was not integrated into a nest during the first 24-h after 
CLP and was thus deconstructed by the observing veterinarian 
and left in the cage.

Scoring system. For each parameter of the scoring system, 
1,336 scores were obtained from the 80 mice over the course 
of the experiment. For corresponding time points, parameter 
scores summed to produce 1,336 total scores and 1,336 combined 
ASR-eye scores. The averages of the last 3 recorded scores for 
each individual parameter, total scores, and combined ASR-eye 
scores were calculated for the surviving and nonsurviving 
subgroups (Figure 3).

The average scores for each of the 3 parameters were signifi-
cantly lower across the final 3 time points prior to euthanasia 
for surviving mice as compared with those of nonsurviving 
mice prior to death (P < 0.0001, Figure 3A). The highest mean 
scores of surviving mice through euthanasia on day 7 after 
CLP were 1.0 ± 0.9 for respiratory, 1.1 ± 0.9 for ASR, and 1.3 ± 0.9 
for eyes. With regard to time course, the highest mean scores 
for surviving mice at the final 3 time points before euthanasia 
were 0.4 ± 0.6 for respiratory, 0.6 ± 0.9 for ASR, and 0.5 ± 1.0 
for eyes, as compared with scores for nonsurviving mice of 
2.1 ± 0.6 for respiratory, 2.9 ± 0.4 for ASR, and 2.7 ± 0.5 for eyes. 
The respiratory, ASR, and eye scores for surviving mice con-
tributed average total scores of 1.3 ± 2.1, 1.5 ± 2.3, and 1.3 ± 2.4, 
respectively, at the antepenultimate, penultimate and final 
sessions prior to euthanasia (Figure 3B). The highest aver-
age total score for all 3 parameters for surviving mice at any 
time during the experiment was 3.4 ± 2.5. Overall, there was 
a positive relationship between average total score and death 
of the animal. All nonsurviving mice approached an average 
maximal total score of near 7 in the final 3 monitoring sessions 
before death (Figure 3B). Specifically, the average total scores 
for nonsurviving mice were 7.0 ± 1.2, 7.4 ± 1.0, and 7.5 ± 0.8, re-
spectively, for antepenultimate, penultimate, and final sessions 
prior to death. The average individual parameter scores and 
the average total scores of the surviving and nonsurviving mice 
were significantly different for the final 3 time points before 
euthanasia or death, (P < 0.0001).

Sensitivity and specificity for individual parameters were 
calculated for obtaining a score of 3 both at any time during the 
study and immediately before death (Table 2). The respiratory 
parameter demonstrated lower sensitivity and specificity for all 
mice across the experiment and prior to death, as compared to 

Table 1.  Interobserver scoring agreement of research personnel 
and veterinarian for all monitoring sessions

Monitoring  
parameter

Weighted Cohen  
κ statistic 95% CI

Respiratory 0.8161 (0.76 to 0.87)
Activity-stimulus 0.8964 (0.86 to 0.93)
Eyes 0.8072 (0.76 to 0.85)

Interobserver agreement (weighted Cohen Kappa statistic) results 
are statistically defined as slight agreement (0.01–0.20), fair 
(0.21–0.40), moderate (0.41–0.60), substantial (0.61–0.81), and near 
perfect (> 0.81).51 n = 283 mice monitored for agreement when 
researchers compared with veterinarian.

Figure 2.  Kaplan-Meier curve for overall survival of mice (n = 80) 
over 7 d after CLP surgery.
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the sensitivity and specificity of the ASR and eyes parameters. 
Respiratory scores of 1 and 2 were awarded more immediately 
before death compared to scores of 3, which included 43 mice 

that received a respiratory score of 1 and 2 and 11 mice that 
received a score of 3 at the monitoring session directly before 
death. Sensitivity and specificity for total parameter scores were 
calculated for obtaining a total score greater than 6 immediately 
before death, while the sensitivity and specificity for combined 
ASR-eye scores were calculated for obtaining a score of greater 
than or equal to 5, excluding the less sensitive and specific respira-
tory parameter as an input. The sensitivity and specificity for a 
total score greater than 6 corresponding to the death of a mouse at 
the next monitoring session was 96% and 92% respectively (Table 
3). The sensitivity and specificity for a combined ASR-eye score 
of at least 5 corresponding to death of a mouse at the next moni-
toring session was also 96% and 92% respectively (Table 3). Five 
mice were excluded from these evaluations because they died 
within the 24-h period after CLP and before receiving scores or 
temperatures from at least 3 monitoring sessions; however, these 
mice were included in the sensitivity and specificity calculations 
that did not require at least 3 measurements.

Over the course of all monitoring sessions, 41 mice received 
a score of 3 in the respiratory category and 36 were found 
dead, 54 mice received a score of 3 in the ASR category and 
52 were found dead, and 58 mice received a score of 3 for the 
eyes category and 51 were found dead; these animals were 
defined as true positives. True negatives were comprised of 
surviving mice that did not receive a score of 3 in the 3 pa-
rameters, specifically 21 mice that did not receive a score of 
3 in the respiratory category and survived, 24 mice that did 
not receive a score of 3 in the ASR category and survived, and 
19 mice that did not receive a score of 3 for the eyes category 
and survived (Table 4). Two surviving mice received scores 
of 3 at their final monitoring session before euthanasia. One 
of these mice had a score of 3 for both ASR and eyes, while 
the other mouse had scores of 3 for all parameters. One previ-
ously mentioned mouse had scores of 3 in all parameters (total 
score of 9) and survived until the last monitoring session on 
day 7. With regard to scores awarded to nonsurviving mice 
at the last monitoring session before death, 1 mouse had a 
total score of 5, 1 mouse had a total score of 6, 26 mice had 
a total score of 7, 20 had a score of 8, and 6 had a score of 9 
(Table 5). If euthanasia had been performed at the moment a 
mouse received a total score of greater than or equal to 6 for 
all 3 parameters, pain and distress would have been avoided 
for 53 mice (98%) of the mice that died spontaneously in the 
current study (Table 5). Performing euthanasia at a total score 
of greater than or equal to 7 would have captured one fewer 
mouse, avoiding pain and distress for 52 mice (96%) that died 
spontaneously in the current study (Table 5).

Diagnostic accuracy of the scoring system. ROC analysis was 
performed based on the true positive and false positive rates for 
the 3 parameters combined against the outcome of death of a 
mouse during the study in order to determine the accuracy of 
our scoring system in predicting the death of septic mice. For 
the 3 inputs of respiratory, ASR, and eyes, the AUC generated 
from ROC analysis was 0.907 (Figure 4A).

Two-parameter scoring system. Because of its low sensitiv-
ity to predict death the respiratory parameter was excluded 
from additional statistical analysis. For the combined ASR-eye 
scores, nonsurviving mice had higher average scores in the 
final 3 monitoring sessions before death than did the surviving 
mice. Specifically, combined ASR-eye scores for nonsurviving 
mice were 4.9 ± 0.9, 5.3 ± 0.9, and 5.6 ± 0.6, respectively, at the 
antepenultimate, penultimate and final sessions before death 
(Figure 3C). The combined ASR-eye scores of surviving mice 

Figure 3.  Average recorded scores and standard deviations for the 
last 3 monitoring sessions of surviving and nonsurviving mice for 
respiratory, ASR (activity and response to stimulus), and eye param-
eters. t-3, t-2 and t-1 are respectively the antepenultimate (third from 
last), penultimate (second from last) and final (last) recorded monitor-
ing sessions. Across each time point, scores for each parameter were 
averaged for all surviving (n = 26) and nonsurviving mice (n = 54). 
(A) Average scores for the respiratory, ASR, and eye parameters. (B) 
Average total recorded scores for surviving and nonsurviving mice, 
determined by summing scores for the respiratory, ASR and eye pa-
rameters. (C) Average combined ASR-eye scores for nonsurviving and 
surviving mice, determined by summing ASR and eye scores and ex-
cluding respiratory scores.
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were 0.9 ± 1.6, 1.1 ± 1.7, and 1.0 ± 1.7, respectively, at the antepe-
nultimate, penultimate and final sessions prior to euthanasia 
(Figure 3C). The highest average combined ASR-eye score for 
surviving mice at any time during the study was 2.4 ± 1.7. The 
combined ASR-eye scores of surviving and nonsurviving mice 
were significantly different (P < 0.0001).

For combined ASR-eye scores given at the last monitoring 
session before death, one mouse received a score of 3, one a 
score of 4, 19 mice received scores of 5, and 33 received scores of 
6 (Table 5). If the combined ASR and eye scores and a threshold 
score of 5 had been used, euthanasia could have been performed 
for 52 mice (96%) that died spontaneously in the current study, 
thereby avoiding an additional period of potential pain and 
distress (Table 5). Using a score of 6 as the threshold would 
have avoided pain and distress for only 33 mice (61%) that died 
spontaneously in the current study (Table 5). The sensitivity 
and specificity of an ASR-eye score of greater than or equal to 
5 corresponding to death of a mouse by the time of the next 
monitoring session was 96% and 92% respectively.

Over the course of the study, mice that survived had signifi-
cantly lower total and ASR-eye scores than did mice that died  
(P < 0.0001). However, mice that survived had relatively few 
high scores during the study. Specifically, 6 surviving mice had 
total scores greater than 6 during the study and 5 mice had 
ASR-eye scores of greater than or equal to 5 (Table 5). Total scores 
greater than 6 were given during the first 48-h after CLP for  
4 out of 6 surviving mice, while the combined ASR-eye scores 
greater than or equal to 5 were given during the first 48-h after 
CLP for 3 of 5 surviving mice.

Diagnostic accuracy of 2-parameter scoring system.  ROC 
analysis was repeated as described above with exclusion of 
the respiratory parameter and use of the combined ASR-eye 
parameters. ROC analysis of the 2-parameter scoring system 
resulted in an AUC of 0.8997 (Figure 4B).

Temperature.  A total of 1,336 temperature measurements 
were obtained using the subcutaneous RFID-transponder 
temperature. Mouse temperatures ranged from 32 °C to 36 °C 
during anesthetic recovery from CLP surgery. The average 
temperatures during the last 3 monitoring sessions before the 
death of nonsurviving mice were 29.0 ± 1.6 °C, 29.0 ± 1.6 °C, and 
29.0 ± 1.8 °C, with the third value being the last one recorded 
before death (Figure 5). The average temperatures over the 
course of the last 3 monitoring sessions before euthanasia 
of mice that survived until the endpoint were 35.9 ± 2.9 °C, 
35.9 ± 2.7 °C, and 36.0 ± 2.7 °C, with the third value being the 
last temperature average recorded before euthanasia (Figure 5).  
The lowest average subcutaneous temperature recorded for 
surviving mice throughout the experiment was 34.2 ± 3.1 °C, 
which rose toward 36.0 °C; in contrast, nonsurviving mice aver-
aged lower subcutaneous temperatures throughout the study 
(Figure 6). The temperatures of surviving and nonsurviving 
mice were significantly different (P < 0.0001) across all moni-
toring sessions. All 54 nonsurviving mice had a subcutaneous 
temperature below 32 °C at some point during the 7 d after 
surgery. Eleven of 26 surviving mice also had subcutaneous 
temperature below 32 °C at some point during the monitor-
ing scheme; the low temperatures for 10 of these mice were 
recorded during the first 48-h after CLP. In the time course 
analysis, the lowest average temperature recorded across the 
last 3 monitoring sessions were 35.9 ± 2.7 °C for surviving mice 
and 29.0 ± 1.6 °C for nonsurviving mice.

At the time of the monitoring session closest to death, 52 
mice had subcutaneous temperatures less than 32 °C, and 50 
of those mice were found dead. These 50 mice were defined as 
true positives, and the other 2 were defined as false positives. 
True negatives comprised 24 surviving mice that developed 
subcutaneous temperatures greater than or equal to 32 °C at the 
final monitoring session before euthanasia, while 4 mice were 
considered false negatives due to being found dead despite hav-
ing subcutaneous temperatures greater than or equal to 32 °C at 
the previous monitoring session. The sensitivity and specificity 

Table 2.  Sensitivity and specificity for correspondence of a score of 3 with the death of mouse after CLP

Monitoring parameter
Sensitivity (score of  

3 at any time)
Specificity (score of  

3 at any time)
Sensitivity (score of  

3 before death)
Specificity (score of  

3 before death)
Respiratory 70% 81% 20% 96%
Activity and stimulus 
response

96% 92% 87% 92%

Eyes 94% 73% 74% 96%

True positive = mouse that received a score of 3 and died.
False positive = mouse that received a score of 3 and survived.

Table 3.  Criteria used to determine sensitivity and specificity of 
both total scores and combined activity-stimulus and eye scores 
for prediction of death by the time of the next monitoring session

Classifications Number of mice Outcome
True positive 52 Died
False positive 2 Survived
True negative 24 Survived
False negative 2 Died

Although the same number of mice were sorted into the same 
groups for sensitivity and specificity calculations for both metrics, 
cutoffs for total scores and scores from the 2-parameter system 
differ and are described in legend.
True positives for total score = nonsurviving mouse with a total 
score greater than 6.
True negatives for total score = surviving mouse with a total score 
less than or equal to 6.
True positives for ASR-eye score = nonsurviving mouse with a 
combined ASR-eye score greater than or equal to 5.
True negatives for ASR-eye score = surviving mouse with a com-
bined ASR-eye score less than 5.

Table 4.  Criteria used to determine sensitivity and specificity of 
each scoring system parameter for the prediction of death of mice 
after CLP at any time during the experimental timeline.

Monitoring parameter
True 

positives
True 

negatives
Respiratory 36 21
Activity-stimulus response 52 24
Eyes 51 19

True positive = mouse that received a score of 3 and died.
True negative = mouse that did not receive a score of 3 and 
survived.
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Table 5.  Distribution for the number of septic mice and the total scores across the respiratory, activity and response to stimulus 
(ASR), and eyes parameters and the combined ASR-eye scores at the last monitoring session (monitoring session before death) for 
nonsurviving mice, and the highest total scores and highest combined ASR-eye scores received during the study for surviving mice

Score

Number of nonsurviving 
mice that received this 
total score before death 

(last recorded score)

Number of nonsurviving 
mice that received this 
ASR-eye score before 

death (last recorded score)

Number of surviving 
mice that received this 
total score as highest 

score during study

Number of surviving 
mice that received this 

ASR-eye score as highest 
score during study

0 0 0 2 1
1 0 0 0 2
2 0 0 2 5
3 0 1 2 6
4 0 1 6 7
5 1 19 3 3
6 1 33 5 2
7 26 n/a* 4 n/a*
8 20 n/a* 0 n/a*
9 6 n/a* 2 n/a*

Total nonsurviving mice, n = 54.
Total surviving mice, n = 26, * denotes that scores >6 were not possible for the combination of activity and eyes alone because the 
maximal sum of the 2 scores is 6.

Figure 4.  Receiver operating characteristic (ROC) curve plot analyses 
generated from logistic regression with the inputs of the true positive 
rate (Sensitivity) and false positive rate (1 - Specificity). (A) ROC curve 
plot analysis for the respiratory, ASR, and eye parameters against the 
outcome of death for septic mice. The AUC was 0.907. (B) ROC curve 
plot analysis generated for combined ASR and eye parameters for the 
outcome of death for septic mice. The AUC was 0.8997. ROC, receiver 
operating characteristics; AUC, area under the curve.

Figure 5.  Average recorded temperatures and standard deviations 
from last 3 monitoring sessions for nonsurviving (n = 54) and surviv-
ing mice (n = 26). t-3, t-2 and t-1 are respectively penultimate (third 
from last) antepenultimate (second from last) and final (last) recorded 
monitoring session. For each time point, temperatures were averaged 
across all mice in the nonsurviving and surviving subgroups.

Figure 6.  Average recorded temperatures and standard deviations 
for surviving (n = 26) and nonsurviving (n = 54) mice after CLP. For 
each session, the recorded temperatures were averaged across all mice 
in the nonsurviving and surviving subgroups, which were signifi-
cantly different (P < 0.0001). The total number of monitoring sessions, 
which occurred 4 times per day for 7 d after surgery was n = 28, with 
0 representing the day of CLP surgery. No mice died after the 25th 
monitoring session.
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of temperatures below a threshold of 32.0 °C corresponding to 
death of a mouse were 93% and 92% respectively. The mean 
temperatures for surviving mice at the time of euthanasia were 
36.0 ± 2.6 °C by subcutaneous RFID microchips and 35.0 ± 2.9 °C 
by rectal thermometry (P = 0.2060).

Discussion
Our novel scoring system predicted death with a high rate of 

sensitivity and specificity, as well as high diagnostic accuracy 
shown by ROC curve analysis and an AUC of 0.907 for the 3 
observed parameters and an AUC of 0.8997 for the combined 
ASR-eye parameters. Specifically, a combined ASR-eye score 
of at least 5 had high sensitivity and specificity for identifying 
septic mice that would die before the next monitoring session. 
Various personnel used our scoring system with high interob-
server agreement, indicating the generalizability of the system 
to be used in practice to determine humane endpoints for 
CLP-septic mice. Although our scoring system does not rely on 
temperature monitoring, we found that temperature also was 
a highly sensitive and specific quantitative predictor of death 
when measured using minimally invasive RFID microchips. We 
identified a threshold temperature of 32 °C that was predictive 
for death in IVC-housed groups of male and female mice that 
were maintained under standard conditions after CLP. These 
findings support our hypotheses that our refined scoring system 
identifies early humane endpoints for mice with CLP-induced 
sepsis, is practical to use by trained personnel with an accept-
able level of agreement, and that subcutaneous temperature can 
identify surviving and nonsurviving mice.

The ASR parameter exhibited the highest sensitivity and 
specificity for indicating that a septic mouse would die at some 
point during the experiment. This parameter incorporated both 
the undisturbed and the stimulated movements of a mouse in 
order to reveal signals for intervention before the mouse reached 
a moribund state or died spontaneously from CLP-induced 
sepsis. The moribund condition has been used as a surrogate 
for death in rodent studies; the condition implies severe debili-
tation and unresponsiveness that precedes imminent death.82 
However, the moribund condition may not be an adequate 
humane endpoint, as unresponsive subjects may experience 
nociception and distress in the moribund state.82 Our scoring 
system differs from those used in prior other studies30,35,48,77; 
ours has more descriptive respiratory and activity parameters 
that may capture clinical signs specifically displayed by mice 
after CLP, as shown in our pilot study. In addition, the ASR 
parameter demonstrated a higher interobserver agreement 
compared with the interobserver agreement for the respiratory 
and eyes parameters. However, the ability of only the ASR 
parameter to detect mice that spontaneously die by the time 
of the next monitoring session demonstrated lower sensitivity 
and specificity compared with the sensitivity and specificity of 
the parameter to detect mice that will die at some point during 
the experimental timeline.

For timely determination of humane endpoints, we recom-
mend interpreting the ASR score in combination with the eye 
score, rather than interpreting individual parameter scores. 
Analgesic regimens may mask an animal’s clinical condi-
tion, activity, or response to stimulus.27 A previous study 
initially found differences in the clinical condition of CLP 
mice given analgesia with buprenorphine HCl as compared 
with buprenorphine sustained-release for analgesia; clinical 
condition scores included the assessment of activity and 
reactivity to handling; however, the activity and reactivity 
of mice did not differ based on analgesic regimen by 36-h 

after CLP.27 The mice in our study received one perioperative 
dose of buprenorphine HCl for analgesic relief for 6 to 12 h, 
thus their ASR scores presumably match the effect of sepsis 
progression on spontaneous and stimulated animal activity 
with minimal confounding from the analgesic. Observational 
parameters may require additional validation for sepsis mod-
els with regard to specific analgesic regimens, as consensus 
on the use of analgesic regimens in studies of sepsis in mice 
is still being debated by experts in the field.5,8,91

The sensitivity of the eye parameter was high for the detec-
tion of mice that die over the course of the study, while the 
specificity of the eye parameter was high for the detection of 
immediate death. The sensitivity of 94% for the eye parameter 
documented that this feature may generate few false negatives, 
thus missing fewer cases and predicting septic mice that would 
die at some point during a study. However, compared to the 
respiratory and ASR parameters, the specificity of the eye pa-
rameter indicated that this parameter may generate more false 
positive results when used alone. Facial expressions encoded 
into grimace scores represent a well-established approach to 
the identification and assessment of pain in mammalian spe-
cies used in research.11,37,39,50,59,84 Mice undergoing CLP may 
experience pain related to the laparotomy required to induce 
sepsis and or related to disease progression, as pain is often 
cited as a symptom in human sepsis.8 The eye parameter in our 
scoring system differs from the MGS, which focuses on orbital 
tightening over 4 different appearances. Adaptions of the MGS 
have been used to assess humane endpoints in several disease 
models and to evaluate pain in rodents.39,48

Our scoring system was validated using live-scoring of eye 
changes rather than retrospective scoring based on images or 
videos. Live-scoring is preferred over retrospective scoring to 
allow prompt humane intervention to prevent unnecessary 
pain and distress. Scores may differ when comparing live and 
retrospective scoring.56 Our system is valuable for conducting 
cage-side evaluations of eye changes in mice with CLP-induced 
sepsis. Scores for the eye parameter were assigned after the 
scores for the respiratory and ASR had been assigned. This 
scoring order was used because the eyes of CLP mice were ob-
served to resume their pre-stimulus orbital tightness promptly 
after the gentle tail pull was elicited; similarly, brief tail re-
straint during cage changes did not evoke significant changes 
to grimace scores.57 The high sensitivity of the eye parameter 
supports the use of the measure to identify progression of sepsis 
toward imminent death in mice after CLP. Finally, the overall 
interobserver agreement for the eye parameter was substantial 
with a weighted Cohen κ-statistic of 0.8072, but observing the 
eyes of a mouse with a darkly pigmented coat can be difficult 
and training is important for successful implementation of this 
scoring system. However, the interobserver reliability of the 
eye parameter in our scoring system aligns with that reported 
previously for MGS and other systems.11,29,37 Although the 
mice in our study had no diagnosed ophthalmic abnormalities, 
C57BL/6 and other inbred strains should be screened for mi-
crophthalmia and anophthalmia before using a clinical scoring 
system that includes eye assessment.67,68

The respiratory parameter had the lowest sensitivity for 
predicting mouse mortality and did not contribute significantly 
to increasing the predictive value, sensitivity, or specificity of 
the total score. The respiratory parameter in our scoring sys-
tem was modified from the MSS.77 Our respiratory parameter 
uses numeric definitions, whereas MSS and adapted-MSS are 
qualitative and difficult to evaluate.77,81 However, our respira-
tory parameter was of limited use when considering high-value 
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scores of 3, since we observed more scores of 1 or 2 awarded 
at the monitoring session directly before death. The high 
respiratory rates that occurred before death could perhaps be 
due to altered acid-base status. Severely septic mice develop 
a mixed respiratory and metabolic acidosis,92 and compensa-
tory mechanisms might correlate to high respiratory rates and 
effort. Other possible causes for high respiratory rates include 
hypoxemia, stress, or antibiotic regimens.32 Regardless of the 
cause, our observations complicate the use of respiratory status 
for predicting death. Further investigation is needed to incor-
porate respiratory rate changes or oxygen saturation as more 
specific prognostic factors for septic mice, perhaps mirroring 
the situation in human medicine.40

We found a near-perfect agreement between scores given by 
the veterinarian and research personnel in the scoring of 283 
mice after CLP based on weighted Cohen κ-statistics. Cohen κ 
is a common and robust measure of interobserver reliability or 
agreement in veterinary medicine and other fields.7 We used 
weighted Cohen κ statistics for the interobserver agreement 
portion of our study, thereby placing more weight on the de-
gree of disagreement between the scores awarded by research 
personnel and the veterinarian.18 To reduce animal numbers, 
the mice monitored by multiple raters to evaluate interobserver 
agreement were concurrently assigned to ongoing experiments 
being performed by the sepsis research laboratory. The experi-
ments were diverse and aimed at elucidating the mechanisms 
of sepsis in the presence of comorbidities such as altered 
gut microbiome, cancer, alcohol ingestion, and immune cell 
alterations. Therefore, the high interobserver agreement for 
all observational parameters given the number of observers, 
number of observations, and the diverse background and use 
of the septic mice we observed supports the general utility of 
our scoring system.

To streamline our scoring system, we also evaluated ASR and 
eyes and excluded respiratory status, which did not contribute 
greatly to the predictive capacity of the scoring system and 
was the most complicated to assess. Obtaining a respiratory 
rate relies on accurate counts within a specific time period. We 
used the visual counting of breaths in our current study because 
it did not require specialized equipment, could be performed 
using routine housing and cageside observations, and could be 
performed by multiple raters observing awake mice.24 Respira-
tory physical examinations are routine in human and veterinary 
medicine; however, respiratory rates and clinical signs vary sub-
stantially for many species in diverse clinical settings.4,6,14,38 To 
our knowledge, the reliability of respiratory signs and rates has 
not been evaluated for cageside assessment in research rodents 
but anecdotally, training personnel for evaluation of respira-
tion was difficult during our pilot studies. The sensitivity and 
specificity and the AUC determined from ROC curve analysis 
for the ASR and eye parameters support the high diagnostic 
accuracy of our scoring system without including the respira-
tory parameter. Because lung injury is variably associated with 
CLP-induced sepsis, we recommend the use of a threshold score 
for the combined ASR-eye scores of greater than or equal to 5 
for the intervention of euthanasia. Delaying euthanasia until a 
mouse reaches a score of 6 for these 2 parameters would allow 
many mice to reach a threshold for euthanasia while being in-
accurately identified as not progressing to spontaneous death.

The results confirmed our hypothesis that temperatures 
would be significantly different between surviving and 
nonsurviving septic mice. Specifically, we determined that 
temperatures below 32 °C could be a useful humane endpoint 
for CLP mice housed in conditions similar to those we used.  

The temperatures of nonsurviving mice across the last  
3 recorded values averaged between 28 and 29 °C; however, 
four of the mice that died had subcutaneous temperatures 
equal to or slightly higher than 32 °C at their last recorded 
monitoring session. Nonetheless, these 4 mice had total scores 
and combined ASR-eye scores that met the thresholds of greater 
than 6 and 5, respectively. A subcutaneous temperature of 
less than 32 °C was strongly associated with the death of a 
CLP mouse by the time of the next monitoring session. The 
implanted transponders used in this study allowed quantita-
tive data collection, without interfering with the behavioral 
observations or requiring additional manipulation as would be 
necessary with rectal temperatures. We validated the tempera-
tures derived from the subcutaneous transponders with those 
obtained from rectal thermometry, and recommend the use of 
transponders as a replacement for rectal thermometry due to 
their noninvasiveness and agreement with rectal temperatures. 
Rectal thermometry and the required tail restraint can pro-
duce stress-induced hyperthermia, and repeated insertion of 
rectal probes alters body temperatures and induces locomotor  
activation.2,3 For surviving mice, the majority of subcutaneous 
temperatures observed fell within reported reference ranges 
for normal mice (around 36 °C during the light phase),22,71 
with an exception being one time point at which the average 
temperature for surviving mice was 34.1 °C but after which 
temperatures increased to an average of 36 °C.

Our findings with regard to temperature are consistent 
with previous research on mouse sepsis models in general 
and with CLP specifically, as the studies indicate that mice 
become hypothermic during sepsis proportional to the severity 
of infection.23,44,81 However, in sepsis research, nonsurviving 
mice can develop hypothermia ranging from 25 to 37 °C, with 
the variability attributed to the method used to induce sepsis, 
housing density, environmental parameters, and temperature 
monitoring modality and methods.9,23,36,42,44,48,52,55,66,81 In mice, 
thermoregulatory processes and core temperature can be in-
fluenced by ambient conditions, housing density, husbandry 
practices, handling, strain, sex, size, and age.20,21,53,76 The tem-
peratures derived from the subcutaneous transponders cannot 
be directly compared with thermometry methods used in other 
sepsis studies. Temperatures might be higher in our study 
than in others because our measurements were obtained from 
unanesthetized mice and possibly because of upregulation of 
nonshivering thermogenesis in interscapular brown adipose 
tissue.21,54 An effect of nonshivering thermogenesis is not 
likely because the rectal and interscapular temperatures were 
not significantly different; however, we only measured rectal 
temperature in surviving mice, so we do not know if a differ-
ence occurred at lower body temperatures. The majority of the 
studies that use mouse CLP do not report housing practices; 
however, social housing is now standard for mice. Mice in our 
study were socially housed and able to show typical murine 
huddling behavior for thermoregulation. A study that proposed 
a temperature cutoff of less than 30 °C measured temperatures 
by using rectal thermometry under anesthesia.48 Use of a lower 
temperature cutoff in our study would have lowered the sen-
sitivity of subcutaneous temperature as a predictor for death 
and would have neglected to identify 9 mice that would have 
died before their next assessment. Mice that undergo CLP can 
be hypothermic in the acute postoperative period and return to 
baseline temperatures as long as 32 h after surgery;44,48,79 in our 
study, 10 of 11 mice that survived for 7 d had one subcutane-
ous temperature of less than 32 °C during the 48 h after CLP. 
The frequency of hypothermic events, duration of sustained 
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hypothermia, and timing of hypothermia relative to CLP are 
opportunities for further elucidating the value of temperature 
in predicting death in mice with CLP-induced sepsis. While 
overall our ASR-eye scores had substantial ability to predict 
death, temperature provides a quick, quantitative evaluation 
of a mouse disease state and subcutaneous temperatures below 
32 °C could be a distinct humane endpoint for CLP-induced 
sepsis in mice.

A limitation of our study may be that our scoring system 
could be further developed, particularly with regard to the 
ASR and respiratory parameters. We observed additional clini-
cal signs over the course of the study in severely septic mice, 
including seizures, recumbency, and ataxia. The neurologic 
clinical signs might indicate the progression of intraabdominal 
polymicrobial sepsis to septic encephalopathy,89 while ataxia 
could be viewed as a type of abnormal ambulation that might 
manifest as a mouse progresses toward the moribund state. 
Because only a few mice exhibited these clinical signs during 
the frequent observations of this study and these mice received 
scores of three in the ASR parameter, further investigation is 
warranted to validate these clinical signs as consistent with 
the mouse CLP phenotype and to evaluate their correlation to 
disease severity before incorporating them into a scoring sys-
tem. The variable outcome of CLP-induced lung injury and the 
technique required for the calculation of respiratory rates make 
the respiratory parameter relatively complicated to use. Further 
studies might use our proposed 2-parameter scoring system, 
ASR and eyes, for humane endpoint monitoring in different 
sepsis models, with different mouse strains and ages, and in 
different laboratories while assessing its validity for predicting 
death. Continued reassessment of interobserver agreement, 
including research, veterinary and training personnel, could 
also further validate our system. Novel automated systems 
and continuous animal monitoring can also utilize our scoring 
system and further studies may identify additional trends over 
experimental timelines different from the 7-d period utilized 
in our study.13,88 Increased translatability to the clinical time 
course of human sepsis might be accomplished with longer 
postoperative follow-up or chronic models of sepsis.91

The thresholds identified in our study optimized sensitiv-
ity and specificity, but the possibility of false positives still 
warrants consideration. Our scoring system can be used to 
determine early humane endpoints in mice with CLP-induced 
sepsis. Regulatory provisions that discourage the use of death 
as an experimental endpoint exist in many countries.10,47,69,91 
Because our scoring system offers a means to reliably prompt 
euthanasia of septic mice that would otherwise experience 
spontaneous death, the use of our scoring system could increase 
international and inter-laboratory consistency in research that 
uses CLP-induced sepsis in mice.

In conclusion, our study describes an approach to identify 
humane endpoints that can be used routinely with reason-
able effort and does not markedly deviate from the projected 
time of an animal’s spontaneous death. Our brief, cageside 
observation-based scoring system provides surrogate humane 
endpoints that can be used to trigger timely euthanasia and 
avoid death as an endpoint in mouse studies of CLP-induced 
sepsis. The use of standardized humane endpoints is essential 
for the rigorous conduct of research and for meeting high 
standards for ethical and humane animal use. Based on our 
observations, the combined ASR-eye score at a threshold of 5 
can replace death as an endpoint and reduce animal pain and 
distress. Subcutaneous RFID-transponders are a quick, nonin-
vasive thermometry method that does not affect the observation 

of behavioral parameters for group-housed mice after CLP. We 
found that a subcutaneous temperature of 32 °C can be used as a 
quantitative threshold together with the scoring system. These 
thresholds can be incorporated into any monitoring scheme, 
although the standard frequency at our academic institution 
for acute sepsis models is at least twice daily monitoring. Our 
scoring system has high sensitivity and specificity to predict 
the death of mice with CLP-induced sepsis and permit the 
collection of quality samples following euthanasia, has high 
interobserver agreement, and has several advantages over the 
M-CASS, MSS, modified-MSS, and the adapted-MSS scoring 
systems. Our scoring system refines the sepsis model of mouse 
CLP and contributes to improved welfare of research animals. 
Lastly, future studies would be useful to validate our scoring 
system for other mouse strains and ages, sepsis models, and 
environments.
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