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a b s t r a c t Background: Despite continuous innovation in trauma care, fatal trauma remains a signiﬁcant medical and socioeconomic problem. Traumatic cardiac arrest (tCA) is still considered a hopeless situation, whereas management errors and preventability of death are neglected. We analyzed clinical and autopsy data from tCA patients in an emergency-physician-based rescue system in order to reveal epidemiologic data and current problems in the successful treatment of tCA. Material and methods: Epidemiological and autopsy data of all unsuccessful tCPR cases in a one-yearperiod in Berlin, Germany (n = 101, Group I) and clinical data of all cases of tCPR in a level 1 trauma centre in an 6-year period (n = 52, Group II) were evaluated. Preventability of traumatic deaths in autopsy cases (n = 22) and trauma-management failures were prospectively assessed. Results: In 2010, 23% of all traumatic deaths in Berlin received tCPR. Death after tCPR occurred predominantly prehospital (PH;74%) and only 26% of these patients were hospitalized. Of 52 patients (Group II), 46% required tCPR already PH and 81% in the emergency department (ED). In 79% ROSC was established PH and 53% in the ED. The survival rate after tCPR was 29% with 27% good neurological outcome. Management errors occurred in 73% PH; 4 cases were judged as potentially or deﬁnitive preventable death. Conclusion: Trauma CPR is beyond routine with the need for a tCPR-algorithm, including chest/pericardial decompression, external pelvic stabilization and external bleeding control. The prehospital trauma management has the highest potential to improve tCPR and survival. Therefore, we suggested a pilot prehospital tCPR-algorithm. © 2013 Elsevier Ireland Ltd. All rights reserved.



1. Introduction



Abbreviations: ASYS, asystole; CA, cardiac arrest; CPR, cardiopulmonary resuscitation; DP, deﬁnitely preventable; ED, emergency department; FAST, focused assessment with sonography for trauma; GCS, Glasgow come scale; GOS, Glasgow outcome score; h, hours; HEMS, helicopter medical service; ICU, intensive care unit; ISS, Injury Severity Score; m, meter; min, minutes; NP, non-preventable; OR, operation room; PEA, pulseless electric activity; PP, potentially preventable; PH, prehospital; PTS, Hanover Polytrauma Score; ROSC, return of spontaneous circulation; sTBI, severe traumatic brain injury; tCA, traumatic cardiac arrest; tCPR, traumatic cardiopulmonary resuscitation; VF, ventricular ﬁbrillation. 夽 A Spanish translated version of the summary of this article appears as Appendix in the ﬁnal online version at http://dx.doi.org/10.1016/j.resuscitation.2013.11.009. ∗ Corresponding author at: Center for Musculoskeletal Surgery, AG Polytrauma, Charité – Universitätsmedizin, Berlin, Augustenburger Platz 1, 13353 Berlin, Germany. E-mail address: [email protected] (C. Kleber). 0300-9572/$ – see front matter © 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.resuscitation.2013.11.009



Trauma is the leading cause of death in young adults.1,2 However, cardiac arrest after major trauma (tCA) is a rare emergency situation when compared to causes of CA from internal aetiology (e.g. myocardial infarction). The mortality after tCA is up to 93%.3–5 The majority of fatal trauma cases are considered to be non-preventable traumatic deaths.1 Despite continuous medical advancement of prehospital (PH) and in-hospital trauma management, even in high standard PH trauma care, preventable deaths do occur from deﬁnitely or potentially reversible causes of tCA.1 Although Huber–Wagner demonstrated in 2007 an increased probability of survival after tCPR from PH application of bilateral chest tubes.6 Besides this simple therapeutic option, PH emergency thoracotomy has also been identiﬁed to improve survival after tCA, particularly in cases of pericardial tamponade due to penetrating chest trauma.7
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Besides such invasive medical measures, the time range from injury to arrival of emergency medical service on the scene of the traumatic incident is inﬂuencing the outcome after tCA,5 whereas the overall rescue time (time range from injury to hospital admission) itself has no inﬂuence on survival after severe trauma in Germany.5,8 These data underscore the need for excellent PH medical care in severe trauma patients, especially in tCA patients – more than 60% of all trauma fatalities occur prior to hospital admission.3 In addition to neglected PH treatment of tCA, indications for tCPR are still subject to controversial discussions.5,9 So the question arises: is fatal trauma really a fate, or do management errors contribute to bad outcome and survival rates? In continuation of recent studies on epidemiology and preventability of traumatic deaths1,3 we investigated the epidemiology of tCA and tried to reveal speciﬁc tasks concerning successful tCPR by answering the following questions in two different subgroups: (1) How often is tCPR performed in patients dying from trauma? (2) How many patients with initially started tCPR on-scene are transferred to hospital? (3) What are the causes for tCA in our collective, and where does tCA occur? (4) What is the survival rate and outcome after tCPR? (5) Are there management errors while performing tCPR? If so, what kind of errors and where do they occur? (6) What are the causes of traumatic death? 2. Materials and methods 2.1. Rescue system and hospitals in Berlin The emergency medical service is run by the Berlin ﬁre department (http://www.berliner-feuerwehr.de).1 All severely injured patients are treated by an emergency physician. 2.2. Group allocation We separated the collective into two different study groups: Group I: All traumatic deaths from January 1st to December 31st, 2010, in the city of Berlin, Germany, were analyzed regarding the incidence of tCPR to address questions 1–2. We annotated the localization of tCA, incidence of tCPR and hospitalization via the public prosecutor’s ofﬁce of Berlin, where complete police investigation ﬁles (death certiﬁcates, autopsy records) were accessible.3 Group II: Group II was selected to address questions 3–6. We conducted a prospective observational study of all tCPR cases between 1st April 2007 and 31st January 2013 in the Center for Musculoskeletal Surgery (CMSC), Charité – Universitätsmedizin Berlin. We included • all tCPR cases admitted to our centre after either successful PH tCPR or under ongoing tCPR and • all tCPR cases performed in our resuscitation room, during emergency operation, or in the intensive care unit (ICU). We excluded two tCPR cases that occurred within the hospital from unobserved suicidal falls from a height (>3 m). Beside demographic data including age and gender, the type of trauma (penetrating, blunt) and trauma mechanisms (fall from a height >3 m, fall from standing height, overrun trauma, trafﬁc accidents with entrapment, trafﬁc accidents as vehicle occupant, motor-/cyclist, or pedestrian) were recorded. Furthermore, injury severity as calculated by the Injury Severity Score (ISS) and the



Hanover Polytrauma Score (PTS), survival, CPR-relevant parameters like rescue time, initially recorded cardiac rhythm, re-entry of spontaneous circulation (ROSC), time from tCA until ROSC, location of tCA and outcome as classiﬁed by the Glasgow outcome scale (GOS).10–12 2.3. Cause of traumatic cardiac arrest The causes for tCA were judged and classiﬁed by an interdisciplinary expert committee (forensic pathologist, emergency physician, trauma surgeon) according to physiologic parameters, PH and clinical course and autopsy results. The causes for tCA were allocated to hypothermia, hypoxia, hypovolemia, electrolyte imbalance, intoxication, tension pneumothorax, pulmonary embolism and pericardial tamponade, based on the ATLS guideline.13 In cases without a distinguishable cause of tCA or in cases of no interdisciplinary consent after a Delphi mode, no cause of tCA was allocated. 2.4. Management errors Management errors were judged and classiﬁed by the interdisciplinary expert board according to recent guidelines (ERC-guideline, S3-Guideline on treatment of patients with severe and multiple injuries; AWMF-Registry No. 012/019).14 In a ﬁrst round all members of the expert committee analyzed the data (anonymous) and gave their vote. In cases of disagreement, every expert explained their decision, and at the end a deﬁnitive vote was achieved (Delphi mode). Only management errors with consent in the 1st or 2nd round were considered for further analysis 2.5. Cause of death The deﬁnitive cause of death was annotated in the autopsy records and was accessible in 42% (n = 22) of cases. The clinical management, diagnoses, interventions and clinical course were prospectively recorded and annotated based on hospital charts. As clinical diagnoses and autopsy ﬁndings concerning the cause of death in trauma fatalities vary signiﬁcantly, especially in cases of tCPR and limited diagnostics,15 cause of death was solely accessed via the subsequent autopsy protocol. The following causes of traumatic death were deﬁned: • Polytrauma: Coincidental blunt and/or penetrating severe injuries to various organs or organ systems, which were primarily lethal due to destruction or dysfunctions of vital structures without haemorrhagic shock as the leading cause of death. • Exsanguination: Coincidental/singular blunt and/or penetrating severe injury/injuries to various organ/-s or organ systems, which were primarily lethal due to haemorrhagic shock without destruction/dysfunctions of vital structures as the leading cause of death. • Isolated severe traumatic brain injury (sTBI): Destruction of brain tissue, midline shift, intracranial bleedings and absence of other severe injuries. • Thoracic trauma: Coincidental severe injuries to chest wall and inner thoracic anatomical structures, which were primarily lethal due to destruction/dysfunction, absence of other severe injuries or signs of exsanguination (lung contusion, pneumothorax and pericardial tamponade). • Others: Injuries patterns not covered by the above-mentioned deﬁnitions. 2.6. Preventability of death The preventability of death after tCPR was only determined for fatalities with subsequent autopsy (n = 22). Assessment of the
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Fig. 1. Localization of death after tCPR. 74% die before reaching a hospital. After hospital admission, ICU is the predominant localization of death. PH = prehospital (n = 75), ICU = intensive care unit (n = 16), ED = emergency department (n = 6), OR = operating room (n = 4).



preventability of traumatic death (non- (NP), potentially- (PP), definitely preventable (DP)) was allocated analogue to our previous publication.1,16,17 The criteria of NP, PP and DP together with an anonymized case presentation of all 22 casualties were presented to the expert board via structured Delphi-method. In the ﬁrst round every expert had to judge independently the preventability of death in the presented cases. Agreements were achieved in 88% of cases after the ﬁrst round. For the remaining 12% (n = 6) the experts had to explain their decision. In the second round the explanations were sent to all members of the committee and were then asked to rejudge the remaining 6 cases based on the explanations. After the second round agreement in all cases was achieved. 2.7. Statistic Statistical analysis was performed with SPSS 21.0 (IBM, USA). Normal-distributed data is presented in mean and standard deviation (±), non-normal distributed data (age, ISS, PTS) in median and inter quartile range (IQR). For descriptive statistic evaluation, the non-parametric Mann–Whitney U test for independent group comparison was used. P-values of 3 m (n = 18) and 22% an overrun trauma



Fig. 2. Localization of tCA for patients admitted to hospital: 81% of tCA was observed in emergency department (ED; n = 42), 48% prehospital (PH; n = 25) and 8% on intensive care unit (ICU; n = 4).



(n = 12). In 23% (n = 12), a penetrating trauma was responsible for tCA. 3.3. Localization of tCA (group II) In total 25 patients acquired PH-tCA (48%), 42 patients underwent tCPR in the emergency department (ED; 81%) and 4 patients in ICU (8%). In 15 patients (29%) the PH started tCPR was continued in the ED, in one case (2%) tCPR was performed PH, in the ED and ICU and in one case in the ED and ICU (2%; Fig. 2). In 19 out of 24 patients with PH-tCA ROSC was established (79%) and in 21 out of 40 patients in the ED (53%). Mean time from CA until ROSC PH was 12 ± 9 min, mean rescue-time was 56 ± 17 min without signiﬁcant differences between blunt (56 ± 13 min) and penetrating (54 ± 30 min) trauma (p = 0.14). No signiﬁcant differences were detected with regard to the rescue time in patients with tCPR (56 ± 22 min; CPR+) and patients without tCPR (56 ± 11 min; CPR−). 3.4. Causes of traumatic cardiac arrest and initial heart rhythm (Group II) In patients with PH-tCA, the initially monitored heart rhythm was pulse-less electric activity (PEA) in 66% (n = 16), 30% asystole (ASYS; n = 7) and 1 case ventricular ﬁbrillation (VF;4%). The initially recorded heart rhythm in the ED was in 60% PEA (n = 29), 20% sinus rhythm (n = 10), 14% ASYS (n = 7), 3 cases of VF (6%) and 2 cases without recorded rhythm. No statistical signiﬁcant association between the type of heart rhythm and incidence of ROSC was observed (p = 0.7). After reviewing the individual trauma mechanism, initial heart rhythm, anatomical injury pattern, clinical diagnostics and autopsy protocol (if available), the following causes of tCA were found: • • • • • • •



25 hypovolemia (48%) 7 tension pneumothorax (13%) 7 hypoxia (13%) 5 pericardial tamponade (10%) 1 pulmonary embolism 1 contusion cordis with arrhythmia 6 no distinguishable cause of tCA (12%)
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tension-pneumothorax, none or insufﬁcient chest decompression was performed (37%). 3.9. External pelvic stabilization 20 unstable pelvic injuries were observed (39%). No PH external stabilization was performed in 19 out of 20 patients (95%) with unstable pelvic injuries. 3.10. External bleeding control Three cases of external bleeding (2 amputation injuries lower extremity; 1 penetrating trauma groin) were not controlled either by manual compression or tourniquet because the bleeding source was not recognized. 3.11. Cause and preventability of death after tCA Fig. 3. Distribution of management errors according to the organizational structure where it happened: 73% occurred prehospital (PH; n = 24), 9% in hospital (n = 3) and 18% in both organizational structures (n = 6).



In 42% (n = 22) of cases an autopsy was performed. In 35% sTBI (n = 7), 30% haemorrhagic shock (n = 6), 20% penetrating heart injury (n = 4), 1 case of tension pneumothorax, polytrauma and hypoxic brain damage, respectively, were responsible for traumatic death.



3.5. Survival rate and outcome of tCA (Group II) 3.12. Potentially preventable deaths In 15 of cases tCPR patients survived (29%). Patients with tCPR on ICU survived in 100% (n = 2), PH in 63% (n = 5), ED in 24% (n = 6) and PH + ED in 13% (n = 2). One patient with tCPR PH in the ED and in ICU died. 5 Patients out of 12 with penetrating trauma survived tCPR in 42% and 10 patients out of 40 with blunt trauma (25%), without statistical signiﬁcance (p = 0.3). Survivors had signiﬁcantly shorter time periods to ROSC (6 ± 3 min) when compared to non-survivors (20 ± 9 min; p = 0.006). The mean Glasgow outcome scale for the 15 survivors was 3.3 ± 0.7 points. One patient is still in a persistent vegetative state (GOS = 2), 10 patients suffer from severe disability (GOS = 3). Three patients showed moderate disability (GOS = 4) and 1 patient low disability (GOS = 5). In 27% of cases the survivors have good neurological outcome (GOS = 4/5). 3.6. Management errors in tCPR (Group II) In 64% (n = 33) of all tCA patients management errors were detected. In 73% the management errors occurred in the PH setting (n = 24), 9% in-hospital (n = 3) and 18% in both organizational structures (n = 6; Fig. 3). 3.7. Airway management All patients with tCA and 97% (n = 32) with PH GCS 


In 3 cases (6%) patients with penetrating chest injury and pericardial tamponade were judged as potentially preventable traumatic deaths. In all cases no PH decompression of pericardial tamponade was performed during continued CPR. All patients died despite emergency thoracotomy, two due to hypoxic brain oedema and one due to multiple organ failure. 3.13. Deﬁnitive preventable death One patient (2%) with penetrating cardiac injury (parasternal stab with right ventricular perforation) was initially admitted to a level 2 trauma centre without expertise in thoracic surgery. During FAST and transthoracic echocardiography, ﬂuid in the pericardial sack was misinterpreted as being irrelevant. The patient continued to deteriorate and was transferred 3 h after admission to our trauma centre. On admission the patient received tCPR during PEA. Despite primary successful emergency thoracotomy, decompression of pericardial tamponade, suturing of right ventricular stab wound, the patient died secondary due to prolonged shock with irreversible hyperkalaemia due to reperfusion. 4. Discussion The present study deals with the epidemiology of tCA in an urban setting and emergency physician-based rescue system. Traumatic CPR was performed in nearly a quarter of all traumatic deaths in Berlin in 2010 (Group I). Only 26% of these patients were hospitalized, 74% died at the accident site, emphasizing the outstanding impact of a sufﬁcient emergency system on survival in tCA. We revealed a very high ROSC rate of nearly 80% (19 out of 24 patients with PH-tCA) in the PH-setting with mean resuscitation time of 12 min, compared to already published rates of less than 30% ROSC.5 This shows that 20% of patients with tCA where transported while CPR was performed. This can explain lower inhospital ROSC rates (53%) despite optimal conditions and invasive therapeutic options. We found a unique high survival rate of 29% when compared to international data (0–17%).5,14,18–20 Besides that, 27% of the survivors had good neurological outcome (GOS = 4/5) when compared
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Fig. 4. Suggested algorithm for traumatic cardiac arrest: hierarchic algorithm (adapted to ATLS – guidelines) to management traumatic cardiac arrest, exclude all potentially reversible reasons for traumatic cardiac arrest and prevent management errors, potentially and deﬁnitely preventable deaths. 30:2:30 chest compression followed by 2 ventilations; CPR: cardiopulmonary resuscitation; ECG: electrocardiography; PEA: pulseless electric activity; ROSC: return of spontaneous circulation; VF: ventricular ﬁbrillation. Due to limited audit data and lack of prospective evaluation this tCPR-algorithm stands for a starting point to develop a robust protocol in multicentre prospective study.



to 2% reported in the ERC guidelines.14 In contrast to previous studies, we did not detect a signiﬁcant higher survival rate for penetrating in comparison to blunt trauma, whereas the incidence of penetrating trauma (25% group II) was exclusively more common in tCA patients (25 vs. 5%) compared to the data of the German trauma registry. Furthermore, only penetrating trauma was responsible for PP deaths (n = 3; 6%). All patients had pericardial tamponade due to penetrating chest trauma without attempt of pericardiocentesis (needle/thoracotomy). We consider needle-decompression as a feasible and potentially successful method to temporarily stabilize patients with pericardial tamponade in the PH setting. Despite promising results from London,8 the in-hospital gold standard of emergency thoracotomy, is not considered by the authors to be a cost-effective and feasible method to secure nationwide medical aid in the German PH-setting yet. In fact the most common management error while tCA is non-decompression of tension/pneumothorax despite evidence for improved survival rates.6,21 Therefore, we recommend at least application of unilateral thoracostomy while tCA.



In order to achieve further reduction of trauma mortality in future, we recommend focusing on the education and training of emergency medicine staff and encourage bystander CPR due to an incidence of management errors of 64%; we previously revealed the PH-management as the weakest link in the chain of survival.3,22 Easy external bleeding control for example was part of a management error in 3 cases of PH-tCPR. Yet there is no mandatory trauma-speciﬁc CPR-algorithm in our trauma “bibles”, e.g. ATLS and DSTC manual and emergency personnel is not speciﬁcally trained on how to process tCA. How can we improve the survival of trauma patients when we do not respond to these problems? We need a universal tCPR-algorithm according to the ERCguidelines with clear involvement and structuring of also invasive medical measures to exclude or treat all potentially reversible causes of tCA.14 The rate of 64% management errors and 8% (n = 4) preventable deaths in Group II highlights the need for consequent education and establishment of a simple and effective tCPR-algorithm independently of the specialization.9 Compatible



410



C. Kleber et al. / Resuscitation 85 (2014) 405–410



with our previous study for preventable traumatic deaths, PHtreatment has the highest potential to improve quality of tCPR – 73% of all management errors in trauma care occurred prior to hospital admission.1 “Hot spots” in processing tCPR are missed injuries and invasive emergency medical measures like decompression of tension pneumothorax and pericardial tamponade, provisional external pelvic stabilization and sufﬁcient external bleeding control. Therefore, we adapted the more clinical tCPR-algorithm recommended from Lockey et al.23 according to our observed management errors and PP/DP deaths focussed on the PH-setting with clear hierarchic management (adapted to ATLS-guidelines) of potentially reversible causes of tCA (Fig. 4). Due to limited audit data and lack of prospective evaluation of the tCPR-algorithm, it stands for a starting point to develop a robust protocol in multicentre prospective study. 5. Conclusion Traumatic cardiac arrest is not a hopeless situation with survival rates of 27% and with 27% good neurological outcome. Nevertheless, trauma CPR is beyond prehospital and clinical routine with over 60% management errors and preventable deaths. We need a universal trauma CPR-algorithm. This algorithm should raise the awareness of the underlying reasons in tCA. Algorithm training and education has to involve methods, which help to recognize these reasons and provide the techniques to successfully resolve them (e.g. decompression of tension pneumothorax or pericardial tamponade and control of external bleeding control by application of external pelvic stabilization). Conﬂict of interest statement There is no conﬂict of interest. The corresponding author afﬁrms that he has no relationships with a company whose product is mentioned in the article or with one that sells a competitive product. The presentation is impartial and the content is independent of commercial inﬂuence. Acknowledgements Contributions were made possible by DFG funding through the Berlin-Brandenburg School for Regenerative Therapies GSC 203. We thank Dr. René Gapert, UCD School of Medicine and Medical Science, Dublin/Ireland, for his contribution to the work.
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