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Abstract

Objective: To explore the factors influencing the clinical outcomes of patients infected with car-
bapenem-resistant Klebsiella pneumoniae (CRKP) and to construct a nomogram prediction model.
Methods: We collected all CRKP infection cases from a tertiary hospital in Anhui Province from Au-
gust 2020 to August 2024. The cases were randomly split into a training set (122 cases) and a vali-
dation set (31 cases) in an 8:2 ratio. Based on the clinical outcomes of the patients, the training and
validation sets were divided into good and poor prognosis groups. Logistic regression analysis was
used to identify risk factors with high association strength, which were then included in a multivar-
iate logistic regression analysis to construct a risk prediction nomogram. The prediction model’s
performance in predicting the clinical outcomes of CRKP infections in hospitalized patients was as-
sessed using receiver operating characteristic (ROC) curves and calibration curves. Results: The
analysis revealed that neurological diseases, admission to the intensive care unit, sepsis or shock,
and the presence of the peg-344 gene in CRKP strains were independent factors associated with
poor prognosis in CRKP-infected patients. The corresponding nomogram model was developed. The
area under the ROC curve (AUC) for the training set was 0.770 (95%CI: 0.687~0.854), and for the
validation set, it was 0.717 (95%CI: 0.527~0.907). The calibration curve showed good model cali-
bration. Conclusion: Based on model evaluation and graphical data, the nomogram prediction
model for CRKP infection prognosis demonstrated good discrimination and calibration, effectively
predicting the risk of poor outcomes in CRKP-infected patients and aiding in the early implementa-
tion of relevant clinical interventions.
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1. 5|

it 4 5e 7 A 14 (K. pneumoniae)t, Xf & /b — k5 B M KT AE R (AR s e . 2 2 Ry pg el b %
FA ) 2T H TR 24 1 ) B R AR PR D9 ik 7 8 0 R 24 i % S B A i [1] [2] AREE AR 74, CRKP &4y
BFENTGEZE, RARFET 5 (R IE YR 7h) iRk 30%~60% [3]-[5], L4 RN 32 B2 1A A 3k TUAE D -
FH CRKP P B H TG A RIEFEARZ, IaIRME LAPPAl S IR A0 T XU 45 7 5 Tl

511 2% P (Nomogram) & — 5 T 2 R 2[R 3 40 T B T A Y, G805 2 A T FE A e &, AR s 2
AR PR 200 45 e AR B () TR AR L AT 20 A, M A A SR A O B T B A N I D AT, DARRIE
TR AY o & AN A 5 2 A (A LG 2R o AR AN iy 1 TR VPA IR 1, 70 L AT BT U
Permr TR PRER Az ) 3 AR 2y 2 (3, (8 T DU PPl i3 1 e M ok . Har, ZIZkEl
B CLAE R 2 (6] B ERIR [ 71 ARG B [8] 55 2 AR 2 AR B 2 A, il R sSe - 8 3 2
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A RS R AT 5T B BRI

G OA 2T TR | CRKP G FH TR R R, (HILRTE TN AT K2 N B
I RAFAE[O] [10], X TRk S 1 MR A 2k R AR AR T80/ A8 2 YR FEVE Al -85 Tl D5 T BN R - AWF 7E il
ARG CRKP AL AN DIZ2RHIE . ImRHSAE & 7 T AV A RE S 2 AN e R, IRARTT
SN CRKP AL TG IR R . fEULIERT b, AU T CRKP BHL Fil i T i 41 2k B AL 1,
I P ARSI VAL L TR RE AR Y AR AT B TS BN IR T T I E, AT B 2 T
& W PR TR A1 ZE A7

2. WEE5H*
2.1. HIRMR

e 2 fim B = HIBR [t 2020 4 8 J % 2024 4 8 J W FITA A2k CRKP KL il 153 71, AR¥EH ¥
i P B e b AR B I A I R 45 R 0 PE RAFAFIA R AL, Horb s RO AGFRE & % Somth
fasE, P RS FIRIT RICT . PINFRIE: (1) WRFR AR IR IG, RGBT %€ Kk 25
SIS SR E R BB EIT 25 R SO R AR (2) TR BE RS — ORI R Bk (3) /B A
BIGORE Ksege = 45 R e & BT &ifl . HERRARIE: (1) B CRKP Ja REEZIMIRIGITRIZET; (2) BXyTHik
FITEOET o AHIE FEA DB PR R B IR PR BERE, AW OB EARATRRAL,  CREEBEW FE I H 1 8 F G 1R
B .

22. A%

2.2.1. HHREEMZYBIRM (ZE)RE

B AGFAR 5s IR 4l i I F i — 5 & 4litk, N Microflex-LT/SH %4 it /> Hr A (1] BRUKER A )
HHATHE M % E, 3%k E BioMérieux ¥ VITEK 2 Compact 4= H S4B 2> Hr A (K5 AST-N334 il AST-
N335)ak 3% [E Oxoid K Kirby-Bauer 455§ BUEA M CRKP bt B 25Utk . P 25 WUk 45 SR 4% 1R
2019 KA i AR A S 56 =2 AR vEEAE T BT (the Clinical and Laboratory Standards Institute, CLSI) {15 Fa #E47 43
Hro M4 CLSI BIFERE, K X ATl ik T 8 S0 A 2R 24 AR I 28 o 7 11 IR A CRKP B bk

2.2.2. BiRIE

AW TC BRI 7 ZR 48 AR AR DG BORE, A4 B I B AE B (] R 08) s AR AR BERZ 0 (b
PRI i PP RS HEEZER . BRSO SE) . ImAREEIR (I gy . AR Rk gy, Aty
haeA4. MeERESRTD). RAERE@ES . FOMKES. HEBHE. HEIRES). FRER
(FARNFE ICU H) DL LS S A g RS E R LI EMALSRMANG I HE: Fifk s & A (gly-
cosylated hemoglobin, HbAc). C & 2 [ (C-reactive protein, CRP). [ 4t % (white blood cells, WBC).
rh R A i 44 % {E (neutrophils, Neut). Jk EX4H i £ ] {5 (lymphocytes, Lym)F i/ it-4t(platelets, PLT).
FI B B ie i 8:2 M LuIBENL ) BN SREEFIIRUESE , A8 F I SRER MO 41) 28 PRI A 6 DR R T AR 28Y B ir £
X R 28 BRI AT SRR
2.23. Gt thEE

{iH excel. SPSS26.0 1 Graphpad Prism 10.0 #7488 Se it e A fHZz &, THECERL A sl f Rl L
(%), #1125 KA Pearson K7k I6 8% Fisher’s K ik io 3k 1T Lhi . o S5t i —om I8 ik 47124
GIHT, B RO TR RN R IR SE I R R (B 2= 0 i P < 0.1)ZW AN 2 [R5 Logistic [FIAB A b, R I
] JE VA AT 2 K3 Logistic [1UE 434, ARHE 43 B 45 SR 8 S 71 26 & AT CRKP 88 4% £ 35 1 AN B 1 JXURS:
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SKH ROC #i4k 2 AUC TEM I EII X 466 71, AUC {ETE 0.5~1.0 Z 8], {Efkm, Vel S a4

PEREBRAT o G RHE Hh R PP IR RO PR RE, 28 SR HE B M 2ot 5, DL 45 R 5 T %
Z I —EMER T . P <0.05 NZESFEG G ERE L.

3. R

3.1. MZREMBEEESEHERE

AN 163 2R3, TA T T AFE S AUIZREE(n = 122) MBS IESE(n = 31). BFIGIRFHIE
JiTH, UIZRSERIGRUE SEVEAERE . PR AR U7 T 1 22 5 B e it (P < 0.05), HARTatrmidl 2 [

Tk ZE (WA 1) ERPRIOIT 2525 R K 35 1 e R i 7 1, I SREE RIS TE B 2% 22 R (LK 2).

Table 1. Clinical characteristics of CRKP-infected patients in the training and validation sets

2 1. IIZGEIEIFE CRKP Bt 2 i IlE R YHE

REAE HH(n = 153) Ik (n = 122) ISUEZH (n = 31) PH
WS 58.71 £ 17.60 57.07 £ 17.76 65.13 + 15.62 0.022
P
2 53 (34.64) 43 (35.25) 10 (32.26)
Sk 100 (65.36) 79 (64.75) 21 (67.74) 0.755
et
EILE, n(%) 54 (35.29) 42 (34.43) 12 (38.71) 0.656
PERR, n(%) 28 (18.30) 18 (14.75) 10 (32.26) 0.024
3R, n (%) 40 (26.14) 37 (30.33) 3(9.68) 0.019
I7 s, n (%) 20 (13.07) 18 (14.75) 2 (6.45) 0.354
EBE RIS, n (%) 137 (89.54) 110 (90.16) 27 (87.10) 0.865
il dy, n (%) 90 (58.82) 74 (60.66) 16 (51.61) 0.361
KR S eI, N (%) 11 (7.19) 9 (7.38) 2 (6.45) 1
WALIEZG, n (%) 49 (32.03) 39 (31.97) 10 (32.26) 0.975
FEREZS, n (%) 36 (23.53) 27 (22.13) 9 (29.03) 0.419
TER RGP, n (%) 47 (30.72) 36 (29.51) 11 (35.48) 0.52
WA RGN, n (%) 70 (45.75) 58 (47.54) 12 (38.71) 0.378
B AE . n (%) 42 (27.45) 32 (26.23) 10 (32.26) 0.502
AE ICU, n (%) 26 (16.99) 20 (16.39) 6 (19.35) 0.695
REEPRESLAR 5, N (%) 46 (30.07) 39 (31.97) 7 (22.58) 0.309
kAT ARG EHEZAY, n (%) 66 (43.14) 57 (46.72) 9 (29.03) 0.076
far tH A3 F Sk AR 2590, n (%) 75 (49.02) 59 (48.36) 16 (51.61) 0.746
Table 2. Gene profile of CRKP strains in the training and validation sets
= 2. IZEMIIESE CRKP EkigEHEE S
REAE HH(n = 153) kA (n = 122) ISUFZH(n = 31) P1H
i 245 3 K]
blakec, n (%) 124 (81.05) 100 (81.97) 24 (77.42) 0.564
blanowm, N (%) 25 (16.34) 21 (17.21) 4 (12.90) 0.562
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R
blame, n (%) 3 (1.96) 1(0.82) 2 (6.45) 0.105
blaoxa, n (%) 4 (2.61) 2 (1.64) 2 (6.45) 0.183
IR
iucA, n (%) 91 (59.48) 71 (58.20) 20 (64.52) 0.522
rmpA, n (%) 27 (17.65) 19 (15.57) 8 (25.81) 0.182
RmMpA2, n (%) 87 (56.86) 69 (56.56) 18 (58.06) 0.88
ybtS, n (%) 123 (80.39) 97 (79.51) 26 (83.87) 0.585
mrkD, n (%) 140 (91.50) 113 (92.62) 27 (87.10) 0.532
iroB, n (%) 7 (4.58) 7 (5.74) 0 (0.00) 0.377
alls, n (%) 9 (5.88) 6 (4.92) 3(9.68) 0.563
peg-344, n (%) 59 (38.56) 47 (38.52) 12 (38.71) 0.985
wabG, n (%) 141 (92.16) 113 (92.62) 28 (90.32) 0.959
fimH, n (%) 110 (71.90) 91 (74.59) 19 (61.29) 0.141
entB, n (%) 152 (99.35) 121 (99.18) 31 (100.00) 1

3.2. CRKP BBETET REEER Logistic 47
XN H R AT R R IR B 081, 45 EIR, CRKP BGL BB i ARAFAE 7 TH I TS AN R 1 f&

B PR 2 B BN RGN . AT S IRERIEEUA S SR (LA 3), A TR I, X B il

JEA Y peg-344 (P < 0.1) (ML 4).

Table 3. Univariate regression analysis for clinical characteristics of CRKP-infected patients

%< 3. CRKP B Eim KRR E EE VIS5

1=

FALLONID)

B i OR (95%Cl) P1H
e 0 1.00 (0.98~1.02) 0.807
53] 0.15 1.16 (0.59~2.26) 0.670
i IMLE -0.43 0.65 (0.33~1.27) 0.209
BE IR (2 vs.15) 0.03 1.03 (0.45~2.35) 0.937
T R G -0.98 0.37 (0.19~0.73) 0.004
TEIR R G 0.56 1.74 (0.87~3.49) 0.115
THALTE B 0.07 1.07 (0.54~2.12) 0.840
JH R0 0.52 1.68 (0.79~3.56) 0.179
B 0.24 1.27 (0.62~2.58) 0.517
AR G 985 P 0 -0.87 0.42 (0.11~1.65) 0.213
izl 0.78 2.18 (1.05~4.56) 0.037
g7 s 1.17 3.21 (1.16~8.87) 0.025
% e AR A P JR 0.38 1.46 (0.50~4.24) 0.486
Jita 8 e 0.42 1.52 (0.79~2.92) 0.208
AfEICU 1.18 3.25 (1.31~8.02) 0.011
iR B B B 1.28 3.60 (1.73~7.49) <0.001
Ko B R T B A R 2 0.74 2.09 (1.09~4.00) 0.027
for tH A Sk F 25 245 -0.14 0.87 (0.46~1.65) 0.670
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Table 4. Univariate regression analysis for MLST types and carried genes of CRKP strains
% 4. CRKP E#k MLST N BRI HEE BRF R BSR4

AR HE B OR (95%Cl) P1A
CRKP i 2 £: K]
blakpc 0.4 1.49 (0.65~3.40) 0.349
blanom -0.28 0.76 (0.32~1.81) 0.529
blaime -0.53 0.59 (0.05~6.61) 0.666
blaoxa -0.95 0.39 (0.04~3.80) 0.415
CRKP & /1% A
rmpA -0.25 0.78 (0.34~1.82) 0.565
rmpA2 0.24 1.27 (0.67~2.41) 0.472
iucA 0.15 1.16 (0.61~2.22) 0.652
ybtS -0.21 0.81 (0.36~1.80) 0.603
mrkD -0.35 0.70 (0.22~2.19) 0.542
iroB 0.48 1.62 (0.35~7.48) 0.539
alls 0.42 1.52 (0.39~5.89) 0.545
peg-344 0.56 1.75 (0.91~3.37) 0.096
wabG 0.18 1.20 (0.36~3.95) 0.768
fimH 0.62 1.87 (0.90~3.87) 0.104

3.3. #Miy CRKP BB EMERIZER Logistic 77H7

ISRV ZREE T 5 A R AL 58 ], AR¥E “F £ FFr & (Events Per Variable, EPV)” HHEFE(H
(5~10), AWM HZREAETBIL 54, ZHE logistic 70 HT45 R ER A RGP AT ICU. K
MAEBAR T8 . peg-344 JE A FHPE & CRKP YL B AT (M S fa e K 35 (W, 46 5).

Table 5. Multivariate logistic regression analysis of adverse prognostic outcomes during hospitalization in patients with CRKP

infection
F2 5. CRKP BB H TR RN % E & logistic YA
Bl pa SE Z P{H OR 1E(95%Cl)
T RGLIR -1.18 0.38 -3.06 0.002 0.31 (0.14~0.65)
A ICU 1.30 0.40 3.29 0.001 3.67 (1.69~7.97)
T IILYEE BRAR e 0.97 0.40 2.42 0.016 2.65 (1.20~5.83)
CRKP peg-344 JE [ 0.79 0.38 2.09 0.036 2.21 (1.05~4.63)

3.4. CRKP BB EHRH&EFNRE HYE 37

FMMZ KK logistic [A1H 73 Hrifiik i 1 4 D HUS A RIERFERE L RGRMA . ¥ ICU. BULE B
70 peg-344 HLKRHE) K CRKP AL - S T KU I 2R I T AL (1] 1), ARIEFIZRIE, 15 A AR
FFEAR A S 2> B0, 3 MR D5, 5 R R FIAE Ay CRKP &Y 3 TiUn
ARIIBER.
3.5. FIZLERBIAIMEETM,

Ry B2 BEBEHL 8:2 MIELGIE T U0y, MR Bt 2 1) LR B TS, ) 2l 2R R AN
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UREETEAN L A TR ) ROC 4R TS 48 NI, JIZR4ER ROC #hZE FiA N 0.770 (95%Cl:
0.687~0.854) (W[4 2), HiE%E ROC HiZ R HiRLJy 0.717 (95%CI: 0.527~0.907) (W11 3), 5 HiFil2k i
RUX 5y FE R AT o 4y AR MR e itk i 26, anlsl 4. 15 B, I ZRSE FNBRIEAE A v i 2k
T X f EEAR A 2, Hosmer Lemeshow (HL) 56 5 71~ 12 JRURS: T A% 7L o 40L& 2 R 47

. 0 10 20 30 40 50 60 70 80 90 100
]}F% i T T T T T T T T T 1
3
MFEICU I |
5
- BEIIﬁE
CRKP peg344
peg. 13ﬂ|1‘$
. E<)
P2 R GHR . '
x
H
WA L9 s 7 : ;
I
‘Ié‘é} | PP EPETE A AT A A AT A A AP AT AP TS APET TS BN AT AT AT AET AT AP ETEr AT SP AT AT AT AP AR BT |
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Figure 1. Predictive model for poor prognosis in CRKP-infected patients using independent risk factors
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Figure 2. ROC curve of the training set
B 2. )IZ& ROC HhZk
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Figure 3. ROC curve of the validation set
[ 3. BES ROC Bz
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Figure 4. Calibration curve of the training set

B 4. NZEMRIEZ
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0.8

0.4 0.5 0.6 0.7 0.8
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B RFEL0000% 4% 20.033 FEAES]

Figure 5. calibration curve of the validation set
B 5. IERMRIERZ

4. ¥ig

CRKP T HCAIGIR H W 2 B 2k —, BiE RS 2R IZ 4, CRKP [k H 26 7E 4
ERVSIE AN 2B BT3R[0 [12], NHEZ Em 25, F SEUGRIE T G E KB, ROONATEIRIT
FA MR ITRREK T PG A BRI PR 5 R 2 Tt 7480 T CRIKP B G 35 TS 1 520 K 3 [13]-[15],
WURGAERTE . HULMOE S BCA DU 2967 S e T4 . SR, T CRKP B ) BRI #5 7 1% Il
X EEE UG IR, HETMATE R . AT R 2B T 2808 =R B 4 4 CRKP &L 35 1
PR E B SR 20 T () i RS AE , R A2 R G0 « N ICU IWUIALAE BRAK 55 B2 Bk peg-344 PR B 44 =%
CRKP BB H TG A RMMAL G R ZR . BT IR, WATE T — ML BT, @i N
ER ISR A R T Re .

W RN, WERGEIE G R & VI OE, 2 RGBT Be LR Ja 2 /5 D) R S5
SIHE[16] [17], M EH A RIEIRAICT, N HEIRITFRBUZ AL TT T et — 5 nE AL
A AA[18], PRI CRKP BINAR 5 5 B0 1 Ak, X TS P2 A4S R o[RS RATTA0RE FL 3R B, A A(E
ICU 2B WUEAS RIS, X 5ERLE[19]54 NKBL—3. NI ICU [WERFEHEHIGEE. Bl
PR E A (ERRAE, AW HRZREHE. POBKES. SREHESRBMEERE, KRnT
B RIBET AR . WUMRE BB AR Tt 5 CRKP &G B TG A R A %, WUMLAE & CRKP BYL
TIER R —[20], BEWS S 34 B JE [ v 47 &1 (Systemic Inflammatory Response Syndrome, SIRS)AH
TSAEHR R RS, 1R SE A IS A 2R B, DR P B RF S AN LR HE AR, w51 42 2 48 B ) ek
#%(Multiple Organ Dysfunction Syndrome, MODS). [Klit, FHAIR AR T K i i Sk iR & 7 A i 3 14 24
WA R R TS

AR, 8T CRKP YL B I PR TS (1 520 R 3R 0t 7 O AR S e PRARAE 73 BT B 0 i R 22 4y 14
VIR . 2T TR, BRI 2 TR I g ™ 5 R B I PR S VA % DA 5 [21] . Wu 25 ABIFFE R B,
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41k 51%~68%T1) CRKP Il PR 73 B kA1 i 2 JJ LR, H A [ B R 1) 1 25 0 25 DRI A HH 238 30 85 vy T Al R K
[22]. SR, CRKP %73 R 2 10 A A7 S ma g AN WA, IR A1) R #7742 SR s Fr) o o o

AWFFEXT CRKP J& G 35 135 Sy 2R T Ge it o0, I peg-344 B[R] BH M- #5717 /& 88 SR T AT
fG KK % (OR = 2.21, 95%Cl: 1.05~4.63, P < 0.05). Peg-344 H:PH £ E Ay T-fili & 5o S0 #i & Sy ki b, Higw
M= )& TR E B KR T IZIER, 2520w 4 A SN B i i 72 [23] . 2 BT FTiE S,
peg-344 4 iroB. iucA. rmpA. rmpA2 FLANEE S HE R 2 A AT 2 B T e 2 0 i 2% 52 76 1A 6 (hy pervir-
ulent Klebsiella pneumoniae, hvKP)fx A] S 11 73 F-Fr E4[23] [24], FF H. Liao 55 AWK I peg-344 % hvKP
s Wi ke i, BB SRR 3 KT 95% [25]. shsciefft et — 26K W], peg-344 @i {2 hvKP
N0 ) 4 B 2% By (MR B 25 R T G S S50 1, peg-344 I [R5k 2 T {3 41 B R Ge b IR YL BE ) B35 Bf
k(P <0.01) [26]. [k, peg-344 & /7&K A IAE BT hvKP B8 81500], BRI IR TS PEAS 12
BEEBKYE, BTSN, FRATMEAE A B SRR R . B, 49— & B Pz A e s
AN R P v RS, SR T, I PR B AR T DL SR B AR Y A B NG . X AT e BRI T AR BR A LA AT
AN B —YRIT , GG PR AN S0 = W U e (o an, 45 1 B U7 S AEAR SN FI A8 B DIRE) o AR IR 78 B
2T WG R 7 28, FFIE IS A AN T8 PPAl X PSS 8 B 50y 4 T it xof £ 5 LI ) s o
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